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Chapter 1. Introduction

1.1. Polymer coatings

Polymer coatings are thin polymer layers employed for the decoration and protection of
substrates.! They find applications in many sectors such as architectural, automotive or marine
coatings, and their use as protective layers extends the lifetime of many products, saving millions
of dollars per year in the replacement of damaged goods. Accordingly, the global market size of

coatings was USD 146.54 billion in 2018 and it is predicted to reach USD 236.11 billion by 2026.2

The basic formulation of a coating includes a binder solution/dispersion, pigments to
provide colour and enhance the opacity of the films, fillers to improve the mechanical
performance and reduce the cost of the coating, rheology modifiers and other additives.® The
binder (the polymer) is the film-forming element of the formulation. As described by its name, it
binds the rest of the components but also determines other important features such as the
adhesion to the substrate, durability and gloss. A wide variety of polymer resins such as acrylic,
epoxy, polyurethane or alkyds are used as binders. For the application, the binder and the rest
of the components are dispersed/dissolved in a continuous liquid phase. They are applied as
liquid dispersions and they become solid during the drying through the evaporation of the liquid
dispersant. Traditionally, organic solvents have been employed as continuous phase, but due to
the growing awareness about the negative impact of Volatile Organic Compounds (VOC) in the
environment, water is increasingly being employed as continuous medium.* Nevertheless, the
mechanical properties of waterborne coatings are typically not as good as those of solventborne

coatings because of differences in the film formation process, which leads to poor cohesion in
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films cast from waterborne systems. Thus, solventborne coatings still dominate the market in
applications that require mechanical strength. Therefore, in order to complete the replacement
from solventborne to waterborne products, the production of high performance waterborne

coatings is required.

The film formation process of waterborne coatings has been widely studied as a critical
transition for the production of cohesive materials and several approaches have been proposed
for the preparation of mechanically strong films. These approaches include the use of diffusion
promotors, structural reinforcing agents or the crosslinking of the polymer chains. In this PhD
Thesis, the use of hydrogen bonds is proposed to physically crosslink the polymer chains and

enhance the mechanical performance of the films cast from waterborne polymer dispersions.

In this introductory chapter, the processes of emulsion and miniemulsion polymerization,
which are two of the most relevant techniques for the production of aqueous polymer dispersions,
are first explained. Then, the film formation process of waterborne dispersions and the main
parameters affecting it are discussed. Finally, the main approaches employed for the
improvement of mechanical properties of films cast from waterborne dispersions are

summarized.
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1.2. Polymerization in dispersed media
1.2.1. Emulsion polymerization

Emulsion polymerization is the main technique to produce waterborne polymer
dispersions for coatings. In this technique, monomers with limited water solubility are
polymerized mainly by free radical polymerization (FRP) dispersed in water. The resulting
product is a colloidal dispersion of polymer particles in water with particle sizes ranging between

50 and 1000 nm, more commonly from 80 to 300 nm. This product is commonly called latex.5

Compared to solution polymerization, the polymerization in aqueous medium presents
several advantages. In the first place, the process is more environmentally friendly because the
toxic organic solvents are replaced by water. In the second place, the polymerization process is
safer because combustive solvents are removed from the formulation. In addition, the viscosity
of the dispersion is lower which allows the easier stirring of the system and facilitates heat
removal. The high specific heat of water also contributes to the temperature control of the system
and decreases the possibility of a thermal runaway. Finally, emulsion polymerization presents a
unique feature attributed to the isolation of the growing radicals within the polymer particles. The
growing radicals confined in different polymer particles are not able to terminate between them
and therefore, they are allowed to grow for longer times (in the absence of chain transfer
reactions, until a second radical enters to the polymer particle). As result, very high molecular
weight polymer chains (typically on the order of 108 g/mol) are produced.® In addition, the
decrease of the chain termination events results in an increase in the total radical concentration
and, consequently, the polymerization rate. Therefore, radical compartmentalization allows the

simultaneous increase in the polymerization rate and the molecular weights.
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Nevertheless, colloidal dispersions are thermodynamically unstable and require
surfactants to achieve Kkinetic stability. Surfactants are amphiphilic molecules that are
preferentially located at the oil-water interface and prevent the aggregation of the polymer
particles by steric or electrostatic repulsions.” Electrostatic stabilization is also achieved by
incorporating functional monomers such as (meth)acrylic acid to the formulation.® One of the
main drawbacks of the emulsion polymers is that the surfactants and stabilizing groups remain

in the final products increasing their water sensitivity. %10

The basic formulation for emulsion FRP includes at least one vinyl monomer, a radical
initiator, surfactant and water. In addition, chain transfer agents (CTA) or crosslinkers can be
employed to decrease and increase the molecular weight of the polymer, respectively. Usually,
more than one monomer is copolymerized to achieve a product with the desired properties. For
example, it is well known that the glass transition temperature (Tg) of a copolymer depends on
the nature and ratio of the monomers employed.**-1* The main monomers polymerized with this

technique are vinyl acetate, styrene-butadiene, styrene-acrylics, and (meth)acrylic copolymers.

Emulsion polymerizations are usually performed in semicontinuous mode where a
fraction of the reactants is gradually added to the reactor because this allows control over both
the heat generation rate and many design variables such as the copolymer composition, particle
morphology, or particle size distribution. Nevertheless, for the understanding of the
polymerization technique, it is often convenient to analyze the batch emulsion polymerization

first.
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1.2.1.1. Batch emulsion polymerization

The batch emulsion polymerization process is illustrated in Figure 1.1.151® Before
initiation, the system is composed of water, monomer and surfactant. A small fraction of the
monomer dissolves in the aqueous phase (e.g. 2.5g VAc/100g H20 and 0.045g S/100g H20) and
the rest accumulates in the monomer droplets. The surfactant adsorbs on the surface of the
monomer droplets stabilizing them but also covers the water/air surface, and dissolves in water.
When the concentration of the surfactant in water is above the saturation concentration, also
known as critical micelle concentration (CMC), it forms aggregates. These aggregates are called
micelles and they are swollen with monomer. It is important to highlight that the concentration of
monomer and surfactant in each phase is at thermodynamic equilibrium and that the monomer
and surfactant molecules will continuously diffuse during the polymerization across the different
phases to maintain the equilibrium. The polymerization is initiated by the addition of the initiator.
The initiators employed usually are water-soluble and they decompose into water-soluble
radicals when they are heated or undergo redox reactions. Common thermal initiators include
persulfates, peroxides and azo compounds. From this point, the batch emulsion polymerization

process is divided into 3 periods or intervals.
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Before initiation

Micelle oﬁi@ i ﬁiio

w0

Monomer
Ow,, oﬁo

Surfactant
H,0
.

Monomer droplet

#

Monomer droplet

*

»
______________ *
= &

®

g

Polymer particle i)

O,

Figure 1.1. Representation of a batch emulsion polymerization before initiation and during intervals I-IIl.

Reproduced and modified with permission from John Wiley and Sons.®
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Interval |

In interval |, polymer particles are generated in a process called particle nucleation. There
are two main mechanisms of particle nucleation: Heterogeneous nucleation and homogeneous

nucleation.

In heterogeneous nucleation, a polymer particle is formed when a radical enters to a
micelle.r-° The radicals created from the initiator are too hydrophilic to enter directly to the
organic phase and they need to react with the monomer dissolved in the aqueous phase to
achieve a critical chain length and become hydrophobic enough to enter to the organic phase.
The hydrophobic oligoradicals can enter micelles or monomer droplets but the probability of this
last event is low since the surface area of the monomer droplets is roughly 3 orders of magnitude
smaller than the surface area of the micelles. In homogeneous nucleation, the water-soluble
radical grows until it becomes insoluble and precipitates.?%-2? The surfactant molecules dissolved
in the aqueous phase migrate and adsorb on the surface of the precipitated oligoradical to
stabilize it and form a polymer particle. In some polymerization systems, both nucleation
mechanisms can coexist. Nevertheless, it is known that homogeneous nucleation prevails with
relatively water-soluble monomers such as vinyl acetate? or at surfactant concentrations below
the CMC?° and that heterogeneous nucleation is favoured with more hydrophobic monomers

such as styrene and high surfactant concentrations.

The newly formed polymer particles become the main polymerization loci and the
monomer from the monomer droplets diffuses continuously through the aqueous phase to the
polymer particles to equilibrate the monomer consumed in the polymerization. Usually, the
diffusion rate of the monomers is faster than the monomer consumption rate and the emulsion
polymerizations proceed under thermodynamic equilibrium.?* As a result of the polymerization

and the continuous monomer diffusion to the polymerization loci, the polymer particles grow and

7
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surfactant molecules diffuse through the aqueous phase to stabilize the newly formed surface
area. The majority of the surfactant is in the form of micelles, and therefore, some micelles are
consumed for the stabilization of the growing polymer particles. In addition, in the newly formed
growing particles, the surface area generation rate is huge and the surfactant molecules might
not be able to diffuse and adsorb fast enough to cover it.?>26 In this case, the small polymer
particles (known as precursor particles) coagulate leading to bigger and stable particles. The
process in which stable polymer particles are generated from particle precursors is called

coagulative nucleation.?’-2°

During interval |, the number of particles increases and the number of micelles decreases
until all the micelles are consumed. This event marks the end of interval |. From this point, unless

coagulation occurs, the number of particles in the system remains constant.

Interval I

During interval Il, the system is composed of growing polymer particles and monomer
droplets. The polymerization occurs inside the polymer particles and the monomer needed for
the polymerization is continuously provided by the monomer droplets. During this interval, the
monomer concentration in the particles and, thus, the polymerization rate is roughly constant and
usually maximum (the polymerization rate is proportional to the concentration of monomer in the

polymer particles).?* The disappearance of the monomer droplets marks the end of interval Il.

Interval Il

In the last interval, the monomer remaining in the polymer particles and dissolved in the
aqueous phase is consumed. In this interval, in general, the polymerization rate gradually

decreases as the concentration of monomer in the particles decreases until all the monomer is
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consumed. The occurrence of gel effect may result in an increase of the polymerization rate

during this period.

1.2.1.2. Semibatch emulsion polymerization

In a semibatch polymerization, a fraction of the monomers is gradually added to the
reaction medium. The nucleation step is the most variable event in emulsion polymerization and
it is often circumvented by initiating the polymerization from pre-synthetized small polymer
particles. This is called seeded semibatch emulsion polymerization. The polymer seed is initially
charged to the reactor and after the initiation of the system, the rest of the ingredients are fed
into the reactor. After the feeding stage, the system is usually allowed to react for an additional

time to ensure complete monomer consumption.

Compared to the batch mode, the semibatch process is safer because the monomer
concentration in the system at any time is low. In addition, due to the low monomer concentration,
the monomers react as they enter to the reactor and this allows the preparation of copolymers
with homogeneous composition from monomers with different reactivity ratios.®°-3? Finally, the
correct design of the process allows the preparation of more complex particle morphologies such

as core-shell particles.33-35

1.2.2. Miniemulsion polymerization

Miniemulsion polymerization is a polymerization technique utilized to produce aqueous
polymer dispersions with particle sizes in the range 50 — 500 nm.3%:37 The main difference with
emulsion polymerization is that the nucleation of particles takes place primarily in the monomer
droplets.38-%° This is achieved by applying mechanical energy to break the big monomer droplets

and decrease their size. The surfactant molecules aggregated in the micelles migrate to cover
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the newly formed water/droplet interface generated in the breakage. As a result of this process,
the micelles disappear and the number of monomer droplets increases significantly. The final
monomer droplet size achieved during the miniemulsification is a result of two consecutive
processes;*'#? Droplet break-up determined by the energy applied in relation with the
viscoelasticity of the droplets, and coagulation of newly formed droplets insufficiently covered by
emulsifier. The final droplet size is determined by the mechanism that gives the largest droplet
size. In systems with low viscosity of the organic phase, the final droplet size is determined by
the surfactant available. Polymeric surfactants such as polyvinyl alcohol (PVOH) have low
desorption rates from oil-water interphases?® and therefore, in emulsion polymerization they are
less efficient covering the newly formed particles leading to a greater number of coagulation
processes and bigger particle sizes. On the other hand, PVOH can be efficiently used to form
miniemulsions because during miniemulsification it is well distributed among droplets and it does
not need to move during polymerization.*3 Miniemulsification is the bottleneck for industrialization

of miniemulsion polymerization.**

The initiation of the polymerization can be carried out with both water-soluble and oil-
soluble initiators. Oil-soluble initiators reduce the likelihood of secondary nucleation. Nucleation
will take place directly in the monomer droplets and the monomer in each droplet is converted
into polymer as represented in Figure 1.2, with no need of monomer diffusion. This feature allows
the polymerization in aqueous media of monomers with negligible water-solubility such as stearyl
acrylate (SA)*546 or the incorporation of inorganic nanoparticles for development of novel hybrid
materials.#’-5* One mechanistic phenomenon that has to be considered in miniemulsion
polymerization is the diffusional degradation of the smaller monomer droplets, known as Ostwald
ripening.5253 The chemical potential of the monomer in the small droplets is higher than in the

big ones and thus, the monomer in the smaller particles diffuses through the aqueous phase to
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the big ones leading to the disappearance of the smaller particles. This issue can be circunvented
adding costabilizers, which are low molecular weight hydrophobic compounds such as
hexadecane*?5 or stearyl acrylate (SA).#>55 Due to their low water-solubility, they do not diffuse

across the aqueous phase and prevent the disappearance of the smallest droplets.56-5°

Before initiation

H,0
= % -
%%% sy % E
Costabilizer b %
$

O

Surfactant

After polymerization H,0

e @ O
@ particle @ £
. -

O

Figure 1.2. Representation of a miniemulsion polymerization before and after polymerization.
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1.3. Film formation

As explained in Section 1.1, polymer coatings are thin polymer layers employed for the
protection and decoration of substrates. In waterborne systems, polymers are produced as water
dispersions but they need to be dried for the application. The process where a polymer dispersion
becomes a polymer film is called film formation and it is a crucial step for obtaining good quality
cohesive films. Therefore, it is important to analyze the different stages the system goes through
and understand the main parameters affecting them for the development of high performance

materials.

The film formation process of a waterborne polymer dispersion is shown in Figure 1.3.6061
At the beginning of the process, the polymer particles are dispersed in water (stage I). As the
water evaporates, the particles get closer to each other until they form a close-packed structure
(stage II). In the next step, the spherical particles deform to form a dodecahedral structure (stage
Ill). The driving force for the deformation is the reduction of the surface free energy of the
particles. This point can be recognized visually because the film becomes optically transparent
due to the disappearance of the voids between particles. Nevertheless, this transition only occurs
at temperatures above the Minimum Film Formation Temperature (MFFT) of the dispersions
which is defined as the lowest temperature at which the polymer particles are soft enough to
deform and form a crack-free transparent film. In the last step, the polymer chains diffuse through
the polymer particle boundaries and mix with the polymer chains in the neighbouring particles.
In this process, the polymer particles fuse together and lose their particle identity leading to a
homogeneous film. This last step is particularly important for the development of cohesive
materials since full mechanical strength is only achieved when the diffusion distance of the
polymer chains is comparable to their radius of gyration (Rg).6%%2 However, the diffusion of the

polymer chains and coalescence only take place when the polymer chains have enough mobility,

12



Introduction

and therefore occurs at temperatures higher than the effective Ty of the (co)polymer. The
deformation and coalescence steps make challenging to obtain mechanically stiff films at room
temperature because chain mobility (low Tg) and hardness (high Tg) are required at the same
time. This is known as the film formation dilemma. In the solventborne counterparts, the polymer
chains are not confined in individual polymer particles and the omission of the deformation and
coalescence steps allows the film formation of high Ty polymer solutions at room temperature.
Due to the differences in the film formation process, solventborne products continue to dominate
the market in the applications that require mechanical strength. However, as described in Section
1.4, the fundamental understanding of the film formation process of the waterborne dispersions,
especially during the deformation, coalescence and interpenetration steps, has allowed the
development of high performance materials. The main techniques employed to follow these last

stages of the film formation process and the effect of the main variables are described in the next

section.
1.H,0 loss 2. Deformation 3. Coalescence and
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Figure 1.3. Film formation process from a waterborne dispersion. Figure reproduced and modified with

permission from Springer Nature.5!
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1.3.1. Analysis of film formation

The last two stages of the film formation where the polymer particles deform and coalesce
are crucial for the production of homogeneous and cohesive films. Accordingly, several
techniques have been developed to follow these transitions and analyze the effect of the different
parameters on the film formation process and the development of the mechanical strength of the

films.

Industrially, the MFFT is used as an indicator of the film formation ability of the latexes
because it shows the minimum temperature at which the polymer particles are able to deform
into a honey-comb structure and become a clear film.26* The MFFT is determined by casting a
thin film on a metal substrate with a temperature gradient and analyzing the minimum
temperature at which a crack-free clear film is obtained. The main parameter affecting the MFFT
of the dispersions is the Ty of the (co)polymer, since the hardness of the polymer particles is
what mainly determines their deformation ability. However, it has been shown by different authors
that the MFFT of the dispersion also depends on the particle size: Smaller particle size
dispersions have higher surface area, and because the driving force for the deformation of the

particles is the reduction of the surface energy, they present slightly lower MFFT-s.1465

Spectroscopic techniques such as Scanning Electron Microscopy (SEM) Transmission
Electron Microscopy (TEM) or Atomic Force Microscopy (AFM) have also been employed for
tracking the film formation process.5¢-70 With these techniques, it is possible to observe the
morphology of the films at the nano-scale and analyze its evolution during the film formation
process. For example, Meincken et al prepared P(S/BA/MAA) particles with a Ty of about 19.8
°C and analyzed the evolution of the coalescence of the particles at ambient temperature with

time by AFM.®” Figure 1.4 shows how the particles underwent coalescence with time.
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Figure 1.4. AFM images of P(S/IBA/MAA) polymer films acquired 30, 240, 660 and 1440 minutes after film

casting at ambient conditions.®” Reproduced with permission from Elsevier.

TEM and SEM techniques are not appropriate for the analysis of wet samples since they
require high vacuum and water would evaporate during the measurement. This issue impedes
the visualization of the system in most of the cases during the deformation stage since small
amounts of water are still present in the film. Alternatively, cryogenic analysis of the samples can
be carried out in which the wet samples are frozen and examined at cryogenic temperatures.”
In addition, techniques that do not require vacuum such as environmental-SEM have also been

developed.”7"3
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Although the coalescence of the particles can be visualized by spectroscopic techniques,
from the images it is not possible to determine the extent of interdiffusion across the particle
boundaries. As mentioned, the interpenetration step is crucial for the development of the
mechanical strength of the films and, therefore, a clear understanding of the influence of different
parameters on this process is required for the production of high performance materials. Two
main methods have been developed to evaluate the rate and extent of diffusion of the polymer
chains across the polymer particle boundaries: Small Angle Neutron Scattering (SANS)74-76 and
Fluorescence Resonance Emission Transfer (FRET).””-87 In both methods, some polymer

particles are labelled and the diffusion of the polymer chains is followed over time.

In SANS experiments, deuterium is used as labelling agent and the contrast is provided
by the difference in scattering between protons and deuterium. Experimentally, a small fraction
of deuterated polymer particles is added to the main dispersion and the distribution and size of
the deuterated particles is analyzed. Before the coalescence, the deuterated particles have a
certain Rg, but as the deuterated polymer chains diffuse through the boundaries, the Rgq increases
until the chains become randomized in the matrix. This process is represented schematically in

Figure 1.5.

Figure 1.5. Physical description of a SANS experiment: The radius of the deuterated particle (in black) increases
with time due to the diffusion of the polymer chains. Reproduced and modified with permission from American

Chemical Society.5t
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In FRET experiments, a fraction of the particles (typically half) is labelled with a
fluorescent donor dye such as phenantrene and the other half is labelled with a fluorescent
acceptor dye like anthracene. During the experiment, the donor dyes are excited and their
relaxation decay is analyzed. At the beginning of the process, the donor and acceptor groups
are confined in individual particles and the relaxation decay of the donor is slow. However, as
interpenetration takes place, the two dyes get closer and the relaxation of the donor group
becomes faster. Therefore, the interdiffusion process can be followed monitoring the relaxation

decay over time. The physical description of the FRET experiment is shown in Figure 1.6.

Figure 1.6. Physical description of a FRET experiment: The fluorescence donor and acceptor dyes mix upon
time due to polymer chain diffusion. Reproduced and modified with permission from American Chemical

Society.®!

These two techniques have been widely employed for studying the influence of different
factors such as the drying T - Tq difference, particle size or crosslinking degree on the diffusion

of the polymer chains.

In the first place, as in the case of the MFFT, the main parameter affecting the diffusion
of the polymer chains is the difference between the drying temperature and the T of the polymer.
With low Tg polymers or at high drying temperatures, the diffusion of the polymer chains is
relatively fast and high interpenetration degrees are achieved in short times.””8485 The use of

smaller polymer particles also facilitates the diffusion because the interfacial area for
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interpenetration is larger.”” Regarding the molecular weight of the polymer chains, different works
show that the diffusion of the polymer chains is faster decreasing the molecular weight.68.79.81.84.86
In the work carried out by Tomba et al, different molecular weight polymer particles with the same
composition were blended and the diffusion of the polymer chains was studied by FRET.
According to the results, the low molecular weight polymer chains not only presented higher
diffusion rates but also promoted the movement of the high molecular weight chains.®” This
plasticising effect was attributed to an increase in the free volume caused by the short polymer
chains. Similarly, it has been demonstrated that the incorporation of small organic molecules
enhances significantly the diffusion of the polymer chains.8-°0 On the contrary, the crosslinking

of the polymer chains exponentially reduces their diffusion ability.?8:80.83

The basic understanding of the effect of different factors on the film formation process is
necessary to develop high performance materials that present good formation ability at room
temperature and high mechanical strength. The main approaches employed for the development
of mechanically strong waterborne coatings are discussed in the following section. Ideally, the
desired product is a non-toxic, environmentally-friendly, ambient curing waterborne dispersion

with high mechanical strength.

1.4. Approaches to overcome the film formation dilemma
1.4.1. Diffusion promotors

The easiest approach and the one that has been widely employed by industry to solve
the film formation dilemma, is the incorporation of coalescing aids to the formulation. Coalescing
aids are small organic molecules that plasticise the polymer chains and decrease their Tq during

film formation, promoting their diffusion across the polymer particle boundaries. Eventually, the
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coalescing aids evaporate and the polymer film recovers its mechanical strength. Therefore, the
addition of coalescing aids allows the formation of films from hard polymer particles at ambient
temperature.®48-92 |n addition to coalescing aids, it is known that the incorporation of hydrophilic
functional groups such as carboxylic acids to the polymer particles also decreases the MFFT of
the dispersions. In this case, the water molecules of the continuous phase interact via hydrogen
bonding with the hydrophilic functional groups, increasing the free volume and enhancing the

mobility of the polymer chains. This phenomenon is known as hydroplasticization.®®

The decrease in the Ty caused by these phenomena has been investigated by Differential
Scanning Calorimetry (DSC) by comparing the data obtained in the wet and dry states.®2949 |n
addition, information about the film formation process in the presence of plasticisers or
hydroplasticising groups can be obtained by FRET.88°1.9 As shown by Juhué and co-workers,
the evaporation rate of the coalescing compound strongly influences its plasticising efficiency.
The evaporation rate of the coalescing aid should be low enough to ensure the plasticization of
the polymer chains during the deformation and interdiffusion stages.8® On the other hand, the

prolonged retention of solvents limits the mechanical strength of the films.%°

However, the ultimate evaporation of the plasticising compound brings back the
environmental concerns about the VOC emissions. As an alternative, the VOC content of the
formulations can be decreased by using reactive plasticisers: They provide chain mobility during
film formation but they finally react with the polymer chains instead of evaporating.”®°7-%° For
example, Lahtinen et al described the synthesis of five reactive coalescing agents with glycidyl
functionalities and their application in a carboxylic acid functional latex. The functional coalescing
agents decreased efficiently the MFFT of the dispersion and, at the end of the process, the
reaction between the epoxy groups in the coalescing agent and the carboxylic acid groups in the

polymer backbone prevented the evaporation of the plasticizers. The films presented a pendulum
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hardness and gloss comparable to the materials prepared with a commercial non-reactive
coalescing agent validating the reactive coalescing agent approach for the production of low-

VOC strong waterborne coatings.®

A second alternative is to employ higher molar mass plasticizing agents which do not
evaporate during film formation. Typically, low molecular weight polymer chains, commonly
called oligomers, are employed as non-volatile coalescing aids.102-193 As discussed in the film
formation section, low molecular weight polymer chains can act as efficient plasticisers during
film formation.”®8487 |In the work carried out by Fasano et al, the incorporation of oligomers
allowed the preparation of VOC-free strong polymer films. The system was composed of soft
polymer particles and hard polymer particles loaded with oligomers. Initially, the oligomers
plasticized the hard polymer chains promoting their film formation and finally, the oligomers
diffused preferably to the soft phase allowing the recovery of the mechanical strength of the hard
phase. The coating prepared employing this approach presented better gloss and a hardness
comparable to the coating prepared with a commercial volatile coalescing agent.5® Nevertheless,
although oligomer plasticization leads to strong films in many cases, the effect of the oligomers
in the final mechanical performance of the materials should be considered in each system, since
a small fraction of oligomers can drastically decrease the Tq of the polymeri® and compromise

the mechanical strength of the coating.195:106

1.4.2. Structural reinforcement

As an alternative to coalescing aids, it is possible to prepare VOC-free strong polymer
films using soft-hard multiphase systems. The soft component allows film formation whilst the
hard component acts as structural reinforcement agent and enhances the mechanical strength

of the materials.
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Typically, the soft component is a polymer dispersion with a Ty low enough to form a
homogeneous film and two different types of hard components can be employed: high Tq
polymers or inorganic fillers. Multiphase polymer systems containing soft and hard polymers
have been prepared blending low and high Ty polymer particles!#107-114 or combining both
components in core-shell structured nanoparticles. It is worth mentioning that two main types of
structured particles are distinguished depending on the position of the hard phase within the
particles: hard core-soft shell particles®®115116 and soft core-hard shell particles.3#35117-119
Compared to the polymer blends, the use of structured nanoparticles promotes the
homogeneous distribution of the hard and soft components along the film and avoids
stratification.112.114120 Regarding the inorganic fillers, they can be added to the dispersions by
encapsulation during the synthesis (surface modified Ce0250121 or silica nanoparticles'?2123), by
physical mixing after the synthesis of the latexes (CaCO3!24126 TiQ,,124127 clay,124 carbon
black,'?® silica, 23128 carbon nanotubes,'?® nanocellulose,*® etc.) or as stabilizers for the

synthesis (silica, 34132 clay,33134 TiO2,13% nanocellulose,'3¢-1%8 etc).

When hard components are employed as structural reinforcing agents, two main
morphologies can be obtained. In the first scenario, the hard domains are evenly dispersed in
the soft matrix. This morphology can be achieved blending a small fraction of inorganic
fillers128.139 or hard polymer particles107110.112 wjth the soft particles dispersion (Figure 1.7.1), or
encapsulating the hard domains within the polymer particles®°108.121.124 (Figure 1.7.IV for hard
core-soft shell polymer particles). In such systems, the inclusion of hard domains in the soft
matrix increases the Young’s Modulus of the material. The hardening of the material is
proportional to the volume fraction of the hard phase (films with higher hard phase volume
fraction are shown in Figures 1.7.11 and 1.7.V). In addition, for the same hard phase volume

fraction, smaller hard particles have a greater stiffening effect.’?6 The hard core-soft shell
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approach was successfully applied by Juhué et al to produce low VOC ambient curing
dispersions. As they demonstrated, the use of coalescing agents can be avoided by covering the
hard particles with a thin soft polymer layer since the materials prepared from the structured

nanoparticles and employing coalescing agents showed very similar mechanical performance.33

In the second scenario, the hard phase forms a connected network throughout the film.
This morphology is obtained with high volume fractions of the hard phase in blends09111.140
(Figure 1.7.111), in soft core-hard shell structured particles3435118119 (Figure 1.7.VI) and in
dispersions stabilized with inorganic particles.131133-135137 |n general, the hardness of the
material increases with the volume fraction of the hard phase (Figure 1.7.VIl). In multiphase
blends, the transition from the first to the second morphology occurs at a critical hard phase
volume fraction characteristic for each RsotRnhara ratio (relative particle sizes of the
components),14109.113.123.127 Ahove this critical concentration also called percolating threshold,
the MFFT of the dispersion, the hardness and the blocking resistance of the material increase
sharply. In addition, it has been shown by different authors that the formation of a hard
honeycomb microstructure around the soft polymer particles is an efficient way to enhance the
mechanical strength of the films because it provides hardness and extensibility simultaneously.
The hard honeycomb increases the elastic modulus of the material whilst the soft domains
contribute to the dissipation of the deformation energy and increase the toughness.*° This
behaviour has been observed in polymer particle blends,'*° soft core-hard shell particles3>118
and particle-inorganic filler composites.'3? In the last case, it should be noted that the use of
inorganic fillers above the percolating threshold can also lead to brittle materials because of the

weak points formed between hard inorganic particles.126.137
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Figure 1.7. Film morphologies developed from blends of soft and hard polymer particles increasing the hard
phase volume fraction from (1) to (Ill), hard core-soft shell polymer particles increasing the shell thickness
from (IV) to (V) and soft core-hard shell polymer particles increasing the shell thickness from (VI) to (VII).
Note that in parts VI and VII the percolating hard network is represented as a continuous phase for

simplification, but film formation will only take place if the hard phase is not continuous.

1.4.3. Crosslinking of the polymer chains

The third approach to improve the performance of waterborne coatings is to crosslink the
polymer chains. Typically, a film forming low Tq latex is functionalized with moieties that are able
to interact with other functional groups and form new bonds. The use of a low Tg4 latex ensures
the completion of the film formation process while the incorporation of functional groups enables
the crosslinking of the polymer chains. The formation of a 3D polymer network enhances the
solvent resistance, thermal stability, mechanical performance and durability of the materials. 4!
The systems reinforced through crosslinking can be classified as physical or chemical depending
on the nature of the bond formed. In physically crosslinked systems, physical bonds such as

ionic interactions, host-guest interactions, metal complexation or hydrogen bonds are employed
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to reinforce the materials. In chemically crosslinked systems, new covalent bonds are formed as

a result of the reactions between functional groups.

1.4.3.1. Development of the mechanical strength of the films

In waterborne crosslinkable systems, an efficient crosslinking reaction between the
functional groups does not ensure the formation of a cohesive film. In such systems, relative
rates of diffusion and crosslinking during film formation play a crucial role for the development of
the mechanical strength of the film.8282 The different scenarios are represented in Figure 1.8.
When crosslinking is faster than diffusion, the movement of the polymer chains is constrained
before they are able to diffuse through the polymer particle boundaries and mix with the polymer
chains in the neighbouring particles. At the end of the process, the individual polymer particles
are highly crosslinked but the lack of bridging between different particles results in a non-
cohesive polymer film. In the second case, when crosslinking and diffusion rates are comparable,
the polymer chains are able to diffuse through the polymer particles boundaries up to some
extent before their movement is restricted. This results in interfacial crosslinking between
polymer particles. In this case, the materials present higher cohesion as the weak points between
polymer particles are reinforced by newly formed bonds. In the last case, when diffusion is faster
than crosslinking, first polymer diffusion is fully developed and then crosslinking occurs
homogeneously throughout the film. This is the ideal case, where highly cohesive films are
produced. However, the development of the mechanical strength may take some time. The
compatibility between the components also influences the final microstructure and performance
of the films. If the components are not compatible, their mixing across the polymer particle
boundaries and the final strength of the film will be limited. On the contrary, the high compatibility
of the components enhances their homogeneous distribution along the film and facilitates the

development of a cohesive material.142-145
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Figure 1.8. Film development depending on the relative diffusion (rpir) and crosslinking (rc.) rates.

Reproduced and modified with permission from Springer Nature.®?

The development of the mechanical strength of the films during the interpenetration step
and the effect of crosslinking in such process has been studied by different authors. In the works
carried out by Zosel and Klein, the mechanical strength of the films was followed as a function
of the interpenetration depth across the particle boundaries measured by FRET and
SANS.7576:146,147 |n the case of un-crosslinked polymer films, the tensile strength and the fracture
energy of the films increased with the interpenetration depth up to a point where the mechanical
strength remained constant. This maximum strength was achieved when the interpenetration
depth was comparable to the radius of gyration of the polymer chains. On the contrary, increasing
the crosslinking degree of films, the movement of the polymer chains was gradually hindered
and the materials presented lower fracture energies. The same behaviour was reported by
Ghazaly et al, who attributed the bad solvent resistance and brittleness of the PBMA-EGDMA
films to the tight network formed within the polymer particles during the synthesis, which impeded
the diffusion of the polymer chains across the boundaries during film formation.4® Other authors

have also studied the effect of the crosslinking degree of the polymer particles on the diffusion
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of the polymer chains.8%14% However, in contrast to the work of Ghazaly, the highly crosslinked
materials prepared in these works did not show brittle behaviour. This was attributed to the
movement of dangling chain ends which were able to cross the particle boundaries and heal the
interface up to some extent. However, the lack of crosslinking between the particles resulted in

poor solvent resistance.

Joshi and coworkers compared two systems crosslinked before and after the coalescence
(adding a crosslinker during the synthesis and employing diacetone acrylamide/dihydrazide
crosslinking technology respectively). Similar to previous works, the system crosslinked before
coalescence showed poor hardness, chemical resistance and adhesion. On the contrary, the
system crosslinked after coalescence showed improved hardness and chemical resistance.%°
Therefore, in agreement with the theory explained above, coalescence and interpenetration
should precede crosslinking to obtain high performance materials. This principle was followed in
the work carried out by Mazuel et al who employed acetal self-concensation for the crosslinking
of poly(2-ethylhexyl methacrylate) based latexes.*5! In their work, the diffusion and reaction rates
were comparable, and considerable extents of interpenetration were obtained before the
movement or the polymer chains was constrained by the crosslinks. As shown in Figure 1.9, the
tensile behaviour of the materials depended on the concentration of the self-condensing motif,
and thus, the crosslinking degree: Increasing the acetal concentration, the materials presented

higher elastic modulus, yield stress, tensile strength and lower ultimate strain.
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Figure 1.9. Stress-strain plots of PEHMA films with 0, 2.5, 4.3 and 8.6 mol% self-crosslinking acetal

functionality. Reprinted with permission from American Chemical Society.***

Therefore, as shown in Figure 1.9, the formation of a crosslinked polymer network alters
remarkably the mechanical response of the material. On the one hand, crosslinks act as
constraints for deformation, and therefore, crosslinked materials oppose higher resistance to
deformation, which manifests in higher elastic modulus, yield stress and tensile strength values.
On the other hand, the plastic deformation of a polymer material is a result of the movement and
orientation of the polymer chains in the direction of the stress. This reorientation process is the
main energy dissipation mechanism during the stretching of the materials. In crosslinked
systems, the freedom of the polymer chains to move is constrained impeding their reorientation
and this leads to low fracture strains and materials with low energy dissipation capabilities (low
toughness). Hence, the gradual stiffening observed in Figure 1.9 attributed to the molecular
movement constrains caused by the crosslinks is the typical mechanical behaviour of crosslinked

polymers, 145-149.152,153

27



Chapter 1

1.4.3.2. Chemical crosslinking

Chemical crosslinking of polymer chains is an efficient route to improve the mechanical
and thermal performance, solvent resistance and durability of polymer materials. The chemistry
of polymer crosslinking has been widely studied in the last century trying to understand and
control the crosslinking processes, and be able to produce more resistant materials.14%154 In the
field of waterborne coatings, this knowledge has been applied for the production of high
performance products in which the film formation dilemma is overcome by hardening the
materials in the last stage of the film formation process through chemical crosslinking.%%1%6 The
ideal crosslinking system would be comprised of a non-toxic and stable polymer dispersion able
to cure efficiently at ambient conditions. In the following pages, the main crosslinking chemistries
and strategies employed for the chemical crosslinking of the waterborne dispersions will be
described and their main advantages and drawbacks will be highlighted. It is worth mentioning
that this short literature review is mostly focused in acrylic aqueous dispersions, since the nature

of the polymers employed throughout this work is acrylic.

1.4.3.2.1. Chemical crosslinking of hydroxyl functional polymer particles

The pioneering chemical crosslinking technologies combined hydroxyl-functional
particles with water-soluble/dispersible crosslinkers. The hydroxyl functional groups are
commonly incorporated to the acrylic polymer particles employing in the formulation of the latex
functional monomers such as 2-hydroxyethyl methacrylate (HEMA) and they are subsequently
crosslinked using melamine type crosslinkers or polyisocyanates (Figures 1.10.A1 and 1.10.B,

respectively).
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Figure 1.10. Chemical reaction between an alcohol and (A1) a methylol melamine unit and (B) an isocyanate.

A2 shows the formation of hexamethylol melamine from melamine and formaldehyde.

The hydroxyl/melamine crosslinking reaction was the first crosslinking technology applied
to waterborne systems.”8145.157-160 |t was first reported in the late 1950s for the crosslinking of
an automotive basecoat and safer versions of this technology are still used today. This
technology provides enhanced chemical resistance and good balance between flexibility and
hardness. One drawback of this crosslinking technology is the high temperatures and long times
required for the curing.®! The curing temperature can be reduced by the addition of an acid
catalyst such as p-TSA but the product pot-life decreases as a result of the hydrolysis of the
functional groups in acid conditions. Nevertheless, the main drawback of this chemistry relies on
the use of formaldehyde for the synthesis of hexamethylol melamine (HMMA, Figure 1.10.A2),

which can eventually be released as a degradation product during the application of the coating.
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Formaldehyde is classified as toxic and carginogenic.'6? In the 1970s, the awareness of the
negative effect of using formaldehyde and the creation of the Environmental Protection Agency
(EPA) promoted the search for crosslinking technologies that avoided the use of formaldehyde

and required lower curing temperatures.

Isocyanates have also been widely used for the chemical crosslinking of hydroxyl
functional dispersions.t63-168 Unlike the melamine type crosslinking, the reaction of hydroxyl
groups and isocyanates proceeds at room temperature and it is efficiently catalysed by organic
metal salts or tertiary amines.'®® Nevertheless, the high sensitivity of isocyanates towards
moisture and other nucleophiles limits the pot-life of the products. Commercially, this is overcome
by using blocked polyisocyanates resulting from the adduct between the isocyanate and other
H-active groups such as alcohols, oximes or amines.’® However, similar to the melamine type
crosslinkers, the main drawback of this technology relies on the high toxicity of the isocyanate
group.” As alternative, significant progress has been made in recent years in the development
of synthetic paths for the synthesis of polyurethanes from isocyanate-free sources.'’?173 One of
the most explored and promising synthetic pathways for non-isocyanate polyurethanes (NIPUs)
is the reaction between 5 or 6 member cyclic carbonates with amines.'* Compared to the
conventional isocyanate-hydroxyl coupling, this reaction is insensitive to moisture and avoids the
formation of bubbles resulting from the side reactions of isocyanates.'’®> Nevertheless, the
reaction is slow at room temperature!’® and catalysts'’”17® or annealing'’® are required to
achieve high reaction yields in reasonable times. In addition, the NIPUs produced in such
reactions present low molar masses, which limits their practical application. This is attributed to
the high stability of the carbonate group compared to the isocyanate. The toxicity of the
functionalities is often related to their reactivity and, therefore, it is challenging to produce non-

toxic and ambient curing technologies.
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1.4.3.2.2. Chemistries involving carboxylic groups

Although melamine formaldehyde-type and isocyanate-alcohol crosslinking technologies
are highly efficient approaches for the mechanical reinforcement of films cast from waterborne
dispersions, the awareness about the negative environmental and biological effects of
formaldehyde and isocyanates has led to the development of less hazardous crosslinking
chemistries that can proceed at low temperatures. Some of these technologies involve the
carboxylic acid functionality. Carboxylic acids are very often used in waterborne coating
formulations to provide stability to the polymer particles. However, the presence of these groups
increases the water sensitivity of the polymer films due to their hydrophilicity. Therefore, the use
of these functional groups for the chemical crosslinking of the waterborne coatings has a double
function: On the one hand, crosslinking takes place from these moieties without the need of
incorporating extra functionalities to the dispersions; and on the other hand, the disappearance
of the CO2zH groups due to crosslinking decreases the water sensitivity of the films. The main
functional groups employed for the crosslinking of carboxylates are aziridines, carbodiimides and
oxiranes. The general chemical structures of the crosslinkers and crosslinking mechanisms are
shown in Figure 1.11. These three functionalities have different reactivities and this determines

their toxicity, crosslinking efficiency and pot-stability of the dispersions.

Among the three functionalities, aziridines are the most reactive ones and they readily
react with ammonium carboxylates at room temperature.'8%181 However, the high reactivity of the
aziridine functionality reduces the shelf-life of the mixed components to few hours, which is even
shorter than the shelf-life of waterborne isocyanate dispersions.®? In addition, aziridines are
classified as highly toxic and they produce severe allergic reactions when they are in contact

with the skin.180.183
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Carbodiimides (CDI) are a safer alternative to aziridines. The chemical structure of
carbodiimides is similar to the structure of isocyanates but they present lower sensitivity toward
moisture. Therefore, the products prepared using the carbodiimide technology present longer
pot-lifes than aziridine or isocyanate based products. Polycarbodiimide-type water-soluble
crosslinkers have been widely employed to crosslink polymer dispersions functionalized with
carboxylates.*®-187 |n addition, functional monomers such as tert-butylcarbodiimidoethyl
methacrylate (tBCEMA) or cyclohexylcarbodiimidoethyl methacrylate (CCEMA) have been used
to functionalize polymer particles and prepare blends of dispersions with carbodiimide and

carboxylate groups.188-1%0

In the last place, carboxylates react with epoxides leading to epoxy ester groups as shown
in Figure 1.11.C. The reaction between carboxylates and epoxides is the slowest at room
temperature due to the relative stability of the oxirane groups, and, therefore, epoxides are

preferably used in combination with polyamines as described in next section.
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Figure 1.11. Crosslinking mechanisms of carboxylic acids with (A) aziridines, (B) carbodiimides and (C)

oxiranes.

1.4.3.2.3. Oxirane/amine crosslinking

The epoxide/amine crosslinking technology, is one of the most promising alternatives due

to the low toxicity and long pot-stability of the products. The reaction between an oxirane and an

amine is shown in Figure 1.12.A. Usually, the epoxide moieties are incorporated to the acrylic

polymer particles by including glycidyl methacrylate (GMA, Figure 1.12.B) in the formulation. The

epoxy group of GMA is prone to suffer hydrolysis and subsequent side reactions but it is stable

enough to be polymerized in emulsion polymerization. Then, the epoxy functional polymer
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particles are combined with either water-soluble/dispersible polyamine crosslinkers83142.191,192 gp

amine-functional polymer particles.®3

A OH B 0
2R—NH, + Ry—<7 R—N  Re 0
L<OH ol
Amine Oxirane R, GMA

Figure 1.12. (A) Crosslinking mechanism between an amine and an oxirane and (B) chemical structure of

glycidyl methacrylate (GMA).

1.4.3.2.4. Diketo/diamine crosslinking

Functional groups containing diketo moieties such as acetoacetoxy, acetoacetamide or
diacetones react rapidly at room temperature with amines or hydrazides.#41% As in the
epoxy/amine system, the low relative toxicity of the functional groups makes this crosslinking

technology particularly interesting.

Usually, the diketo functionalities are incorporated to the polymer particles copolymerizing
acetoacetoxyethyl methacrylate (AAEMA, Figure 1.13.Al), acetetoacetamido methacrylate
(AAMMA, Figure 1.13.A2) or diacetone acrylamide (DAAM, Figure 1.13.A3) and they are
subsequently crosslinked employing water-soluble polyamines or polyhydrazides (Figures
1.13.B1 and 1.13.C).19-20 The main drawback the acetoacetoxy chemistry is the water
sensitivity of this functionality, which decomposes in humid conditions to form a hydroxyethyl
moiety, acetone and CO: (Figure 1.13.B2).29! This issue can be largely avoided by reversibly
protecting the acetoacetoxy groups with ammonium after the synthesis (Figure 1.13.B3). The
use of acetoacetamido monomers such as AAMMA has also been suggested as alternative to

acetoacetoxy monomers due to their slower hydrolysis rates.?°22%% Nevertheless, the functional
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group presenting the highest resistance against hydrolysis is the “diacetone” moiety.?%* In the

work carried out by Liu et al, the diacetone/dihydrazide crosslinking technology (Figure 1.13.C)

was conveniently combined with soft core-hard shell structured particles to produce high

performance materials with improved mechanical properties and solvent resistance.?%
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Figure 1.13. (A) Main monomers employed for the diamino/diketo crosslinking technology, (B) reactions

involving acetoacetoxy groups and (C) reaction between diacetone diacrylamide and dihydrazide.
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1.4.3.2.5. Unsaturated groups

A different approach employed for the chemical crosslinking the waterborne dispersions

is the incorporation of unsaturated groups to the latex.

The most widely studied strategy to incorporate unsaturation to the acrylic systems is the
addition of an alkyd resin to prepare acrylic-alkyd hybrids.2%6-211 Alkyd resins are polyesters
modified with unsaturated fatty acids that can undergo oxidative crosslinking.?'> However, the
crosslinking of the alkyds is slow at room temperature and requires catalysts to achieve
reasonable crosslinking rates.?*3-216 One advantage of this technology is that crosslinking is not
initiated until the material is exposed to the air during film drying, which ensures long shelf-lifes
for the deoxygenated products. The main drawback of this technology is the evolution of the
alkyd oxidative curing process after film formation which results in yellowing of the fiims and

continuous release of volatile ketones, aldehydes or alcohols.?'”

Another way to incorporate unsaturation to the acrylic latexes is the copolymerization of
functional monomers containing unsaturated double bonds such as allyl methacrylate (ALMA,
Figure 1.14.A). The limitation of this approach is that a fraction of the allyl moieties is consumed
during polymerization due to the reactivity of these functional groups with radicals.?!%-220 One
way to avoid the undesired polymerization of the allyl moieties during the polymerization, is to
incorporate them to the polymer particles after the synthesis using coupling agents.??1-223
Afterwards, the allyl containing dispersions can crosslink via oxidative curing like alkyds?2*8219 or
via UV photopolymerization in the presence of UV sensitive initiators.??* The post-addition of
(meth)acrylate units using the carboxylic acid reactive functionalities and their subsequent

photopolymerization has also been reported.??*
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Finally, the crosslinking of alkyne groups has also been carried out via 1,3-dipolar azide-
alkyne cycloaddition (Figure 1.14.B1). This click reaction is insensitive to water or oxygen and
can be carried out at room temperature. However, it requires the presence of a copper catalyst.
For example, Hu et al prepared a two component system copolymerizing 4-azidomethyl styrene
(AMS, Figure 1.14.B2) and propargyl acrylate (PrA, Figure 1.14.B3) via emulsion polymerization
in two different set of particles. The materials cast from the blends presented better mechanical

performance and water resistance.?25:226

YLO/\%

Allyl methacrylate

(ALMA)
Bl B2 B3 {z
N
T N R 0
_ room N N 2
= v MR T = 9
R4
Alkyne Azide N3 ‘ |

AMS PrA

Figure 1.14. Functional groups with unsaturated groups. (A) Chemical structure of allyl methacrylate, (B1)
1,3-dipolar azide-alkyne cycloaddition click reaction, (B2) chemical structure of 4-azidomethyl styrene (AMS)

and (B3) chemical structure of propargyl acrylate (PrA).
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1.4.3.2.6. Self-condensation

The use of dispersions that undergo self-crosslinking is very interesting from the industrial
point of view since they only imply the synthesis of one latex. One way to obtain such systems,
is the functionalization of the polymer particles with self-reactive moieties.?®® Two of the most
widely employed self-reactive groups are alkoxysilanes??7:28 and N-methylol acrylamide type
monomers.??%-232 The crosslinking mechanisms are shown in Figures 1.15.A and 1.15.B,

respectively.

On the one hand, the crosslinking between alkoxysilanes occurs at room temperature in
two steps: the hydrolysis of the alkoxysilanes to form silanol groups and their posterior
condensation to form siloxane units.?33234 Presumably, the condensation step will only occur in
the last stage of film formation when most of the water has evaporated allowing chain diffusion
to occur before crosslinking and promoting the formation of cohesive films. In particular, this
crosslinking technology is efficient decreasing the water absorption of the materials due to the

hydrophobicity of the siloxane linkages.23>236

On the other hand, N-methylol acrylamide units (NMA, Figure 1.15.B1) are able to self-
condensate in a mechanism very similar to the melamine-formaldehyde type crosslinking
reaction explained section 1.4.3.2.1 (Figure 1.15.B2). However, the release of formaldehyde
brings back the concerns about the use and release of toxic reagents. As alternative, N-isobutoxy
methacrylamide (IBMA, Figure 1.15.C1) has been employed for the synthesis of self-
crosslinkable dispersions.?¥7:23 IBMA self-condensates releasing isobutanol instead of

formaldehyde (Figure 1.15.C2).

38



Introduction

A O-Rz  Hydrolysis OH  Condensation OH HO
Ri=Si-0-R; R1—Si-OH R1—Si-0-0-Si-Ry
O-R» -ROH OH -H,0 OH HO
Alkoxysilane Silanol Siloxane
B1 0 BZ 0 0 cond ’ /?I\ j-)L
ondensation
\)\NAOH R)kN/\OH + HO/\NJLR R T R
H H H -CH-0 -H.,O H H
N-methylol acrylamide Methylene bridge
(NMA)
1 ¢ C2 o) 0 0
0 Condensation
P
YLE @] RAN/\O . O/\NJ\F\' R)J\N/\NJLR
H H . Y\OH . H
N-isobutoxy methacrylamide \H
(IBMA)

Figure 1.15. Condensation reactions between (A) alkoxysilanes, (B) N-methylol acrylamide groups and (C)

N-isobutoxy methacrylamide groups.

The main drawback of such self-condensing chemistries is the short pot-life caused by
the premature condensation of the functional groups in the wet state.236:238239 Ag explained at
the beginning of section 1.4.3.1, premature crosslinking hinders the polymer diffusion across the

polymer particle boundaries and leads to films with little cohesion.

1.4.3.2.7. Challenges and limitations of the chemical crosslinking technologies

From the comparison of all technologies that employ chemical crosslinking it is hard to
find a crosslinking system that cures readily at room temperature, avoids the use or release of
toxic chemicals and presents considerable product life-time. Usually, ambient temperature curing

is achieved by employing highly reactive functional groups at the expense of pot-stability. In
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addition, the current crosslinking reagents are increasingly being restricted because of concerns
about their toxicity. In this context, physical interactions offer a potential alternative since they
avoid the use of toxic chemicals while still generating a network structure. The crosslinking

technologies that employ physical interactions will be discussed in Section 1.4.3.3.

1.4.3.3. Physical crosslinking

Physical bonds such as ionic interactions, host-guest interactions, coordination
interactions or hydrogen bonds can be used as alternative for the covalent chemistries to
crosslinking the polymer chains. In general, physical bonds present lower bonding energies than
chemical bonds (=350 kJ mol for a covalent C-C linkage vs 5-250 kJ mol* energies for physical
bonds depending on the nature of the interaction?*°). In addition, unlike covalent bonds, physical
interactions are dynamic and reversible. Such chemistries have been widely applied for the
synthesis of supramolecular polymers and inter-polymer complexes?4-247 with stimuli-

responsive and self-healing properties.248-252

The use of physical interactions to crosslink the polymer chains presents some
advantages compared to the chemical crosslinking technologies. On the one hand, the functional
groups involved in physical interactions typically present lower toxicities and reactivities than the
functional groups employed for chemical crosslinking. This reduces the environmental concerns
related to the employment of toxic chemicals and ensures the pot-stability of the products. On
the other hand, physical bonds readily form at room temperature, which eliminates the annealing
step for crosslinking. In addition, their dynamic nature can result very convenient for film
formation since the physically crosslinked polymer chains will preserve some mobility compared
to the chemically crosslinked chains. As consequence, the dynamic systems will be able to

evolve during and after film formation and this will contribute to the formation of a homogeneously
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crosslinked polymer network. Nevertheless, as mentioned, physical interactions are weaker than
covalent bonds and this could limit their contribution to the mechanical reinforcement of the
materials. The drawback is that the low strength of physical linkages could lead to poorly
reinforced materials even in the optimal regime shown in part Il of Figure 1.8 where diffusion
occurs prior to crosslinking. In this context, ionic interactions or hydrogen bonds seem to be the
most promising physical interactions for the preparation of ambient curing and non-toxic

waterborne dispersions because of their high relative strength.

1.4.3.3.1. lonic interactions

lonic interactions are physical bonds resulting from the electrostatic attraction between
oppositely charged groups. These interactions are the strongest physical interactions with
bonding energies ranging from 50 to 250 kJ mol*1.24253 The use of ionic interactions for the
crosslinking of waterborne dispersions was first reported in 1967 by S. C. Johnson & Son.254255
They described the crosslinking of anionic carboxylate groups with different metal cations such
as Zn?*, Cu?*, Cd?*, Ni?* or Zr?*. The carboxylic acid latex — metal ion blends were stable in the
wet state and underwent crosslinking during film formation leading to harder materials with
improved solvent resistance. In addition, these coatings presented controlled removability by ion
complexing agents in alkaline medium. In recent years, the crosslinking of carboxylic acid groups
by Zn?* ions has been employed by different authors for the preparation of mechanically

reinforced and water resistant materials.?56-258

The film formation process of carboxylic acid containing polymer particles in the presence
of different metal salts was analyzed in 1995 by Kim and co-workers by FRET.% They observed
that the strong ionic interactions between the metal cations and the carboxylic groups hindered

the diffusion of the polymer chains resulting in the interfacial crosslinking of the polymer particles.
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In a different approach described recently by Wahdat and co-workers, complete interdiffusion
followed by ionic crosslinking was achieved employing aluminium acetylacetonate (Al(acac)s) as
crosslinker.?%® The aluminium crosslinker reacted in a nucleophilic substitution with the carboxylic
acid groups releasing acetylacetone (Figure 1.16). The equilibrium nature of this crosslinking
reaction allows crosslinking to happen only in the last stages of film formation when the
equilibrium is shifted to the right through the evaporation of acetylacetone. However, it implies

the release acetylacetone, bringing back the environmental concern about the release of VOCs.

0]
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O-H -
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Carboxylic  Aluminium Acetylacetone
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Figure 1.16. Reaction between carboxylic acids and aluminium acetylacetonate to produce Al-carboxylic

acid complexes and acetylacetone.?%®

1.4.3.3.2. Hydrogen bonding

Hydrogen bonding is the electrostatic attraction between a partially positively charged
hydrogen atom attached to a highly electronegative atom (H-bond donor) and a nearby lone-pair
carrier electronegative atom (H-bond acceptor).2*4260 The general structure of a H-bond is shown
in Figure 1.17. In the scheme, “D-H” refers to the H-bond donor also known as electron acceptor

and “A” represents the H-bond acceptor also called electron donor.
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Figure 1.17. General structure of a H-bond.

Among physical interactions, hydrogen bonds are relatively strong and directional with
bonding energies ranging from 1.7 to 167 kJ mol2.26° H-bonds are reversible and their nature is
described by the association/dissociation equilibrium shown in Figure 1.18. The parameter that
expresses the complexation state of the functional groups in equilibrium is the equilibrium
association constant (Ka) which is defined as the ratio between the concentration of the dimer
and the product of the concentrations of the free H-bonding motifs in equilibrium. The association
constant is proportional to the binding strength, and thus, it is a widely employed way to define

and compare the strength of the physical linkages.?5*

Association
D-H + :A e—m—— D-H-=:A

Dissociation

Figure 1.18. H-bonding complex formation equilibrium.

There are several factors affecting the Ka and strength of the H-bonds. In the first place,
the strength of the H-bond depends on the acidity and basicity of the H-bond donor and acceptor
groups respectively: The higher the acidity of the H-bond donor and the basicity of the H-bond

acceptor, the stronger the resulting H-bond.?62263 The strongest H-bond acceptors are oxygen
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and nitrogen due to their high electronegativity and polarizability and the best H-bond donors are
“O-H” and “N-H” groups. The functional groups attached to the H-bond donor/acceptors can also
contribute to the acidity/basicity of the H-bond donor/acceptors and increase final strength of the
H-bond. For example, in hydroxyl groups attached to a benzene ring, the greater polarization of
the “O-H” bond will lead to H-bonds one order of magnitude stronger than in H-bonds involving
aliphatic hydroxyls, where the “O-H” bond is less polarized (the hydrogen bonds between pyridine
and ethanol or phenol and the corresponding association constants are shown in Figures 1.19.A

and 1.19.B)264.265,

In addition to the acidity and basicity of the functional groups, the number of bonds
strongly influences the strength of the linkage. In general, the higher the number of H-bonds the
stronger is the resulting complex.2%¢ Single H-bonds present the lowest association constants
and then, the Kaincreases in a nonlinear way with the number of H-bonds in the array. Some
examples of H-bonds with different number of linkages are shown in Figure 1.19: The single H-
bonds between pyridine and alcohols have Ka values equal or below 40 M1,264265 the
complementary double H-bond between adenine and thymine nucleotides has a Ka of the order
102 M1,266 the triple H-bond between guanine and cytosine has a Ka of 10%-10° M 266 and the
ureido pyrimidinone (UPy) functional group with four complementary H-bonds presents a self-

association constant higher than 106 M1,266
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Figure 1.19. Association constants of H-bonds with different number of linkages: (A) pyridine-ethanol?®, (B)

pyridine-phenol,?®® (C) thymine-adenine,?® (D) cytosine-guanine®®® and (E) UPy-UPy?%¢ complexes.

In addition to the number of linkages, the strength of the arrays also depends on the
sequence of the donor and acceptor groups due to the secondary interactions (S) formed
between the functionalities in diagonal positions. Donor-acceptor interactions in diagonal
positions are attractive and lead to stronger complexes. Sartorius and co-workers calculated the
association energies (AG) and association constants (Ka) for a series of H-bond arrays taking

into account the contribution of secondary interactions.?%” The results obtained for the quadruple

H-bonds are shown in Figure 1.20.
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Figure 1.20. Association energies (AG) and association constants (K,) of quadruple H-bonding arrays
depending on the secondary interactions. H-bonds are represented with dotted lines, attractive secondary
interactions are depicted in green and repulsive secondary interactions in red. Reproduced and modified with

permission from John Wiley and Sons.?”

Figure 1.20 shows how the association energy and association constant of the complexes
increase with the number of secondary attractive interactions. Maximum binding strength is
achieved when the all acceptor and donor groups are separated in the two parts of the array
(e.g. AAAA + DDDD).?68-2"1  |n the case of self-complementary arrays, where the only
possibilities are (ADAD)2 and (AADD)2 (Figures 1.20 | and Ill), maximum strength is achieved
with the (AADD)2 geometry due to the higher number of attractive secondary interactions. This
is the case of the UPy functionality, which presents a particularly high association constant due

to the high number of attractive secondary interactions in the array.?”?

Hydrogen bonds are extensively utilized by nature to create unique supramolecular
structures like those of proteins or DNA. In fact, the combination of toughness, strength and
extensibility presented by many natural materials such as silk or muscle is directly related to
multiple hydrogen bonds in their structure.?”2 Similarly, synthetic polymers with H-bonding motifs

such Kevlar® and nylon also present outstanding mechanical properties as result of the
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hydrogen bonds between polymer chains. Besides polyamides, there is a wide portfolio of
monomers and polymers that contain hydrogen bonding donors and acceptors in their structure
such as hydroxyl groups, amines, amides, carboxylic acids or arrays formed thereof. Such
polymers/monomers are able to interact via hydrogen bonding and have been employed in the
development of two new types of materials: supramolecular polymers274-27° and interpolymer
complexes.?8%-282 The formation of supramolecular polymers and interpolymer complexes is

schematically illustrated in Figures 1.21.A and 1.21.B, respectively.
A B
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Figure 1.21. (A) Polymerization equilibrium in supramolecular polymers and (B) reversible formation of an

interpolymer complex from complementary H-bonding polymers.

On the one hand, supramolecular polymers are a kind of polymer where the monomer
units are held together by non-covalent interactions.?’® Compared to conventional covalent
polymers, the linkages between monomer units are reversible and the polymerization degree
depends on the equilibrium shown in Figure 1.21.A. The main parameters affecting the
polymerization degree of supramolecular polymers at room temperature are the monomer
concentration and the association constant (Ka) of the H-bond. In general, the polymerization
degree increases with the monomer concentration and the Ka of the complex. Typically, single
hydrogen bonds with low Ka values are not able to form reasonable chain length polymers and,

thus, H-bond arrays with high Ka values are employed for the synthesis of supramolecular
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polymers. 275278283 |n addition, similar to step growth polymerization mechanism, high
polymerization degrees are only achieved when stoichiometric amounts of the complementary
functional groups are employed. This last issue can be circumvented by using self-
complementary moieties. In this context, the ureido pyridimidinone (UPy) self-complementary
functionality is a great candidate to be employed for the synthesis of supramolecular polymers
because of its high binding constant.?272274277.284.285 Eqr example, Folmer et al prepared
supramolecular polymers from telechelic oligomers functionalized with UPy terminal groups. As
a result of the dimerization of the UPy groups, the liquid oligomers transformed into elastic solid
films. At elevated temperatures, the H-bonds broke, and the high virtual molecular weight
supramolecular polymer returned to the oligomer state. The materials presented a strong
temperature dependency of the melt viscosity providing to the supramolecular polymers excellent

processability compared to their covalent analogues.?8¢

Unlike supramolecular polymers, interpolymer complexes are the products formed from
the non-covalent interactions between two polymers.?8” When the non-covalent interactions are
H-bonds, two different types of polymer chains with H-bond donor and acceptor groups
respectively interact and form a complex which has very different characteristics compared to

the initial un-complexed polymers.

The first interpolymer complexes were reported by Bailey and Smith who described the
complexation of poly(acrylic acid) (PAA) with poly(alkylene oxide)-s (PEO-s).28828% Both
polymers were soluble in aqueous medium, but when they were mixed together, immediate
precipitation occurred as result of the H-bonds between the “O-H” groups of the carboxylic acid
in PAA and the oxide groups of PEO. The complexation depended on different parameters such
as the salt concentration in water, molecular weight of the polymers, PAA/PEO ratio, pH or

temperature. Besides PEO, the complexation of PAA with different H-bond acceptor polymers
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has been widely studied.?°°-2% For example, Swift et al analyzed the complexation of PAA with
different non-ionic H-bond acceptor polymers employing Fluorescence Anisotropy. The formation
of the complex strongly depended on the pH and the ionization degree of the PAA. In addition,
for each polymer couple, there was a critical maximum pH for the formation of the complex. This
critical pH depended on the association constant of the H-bonds and the solvation energies of

the individual polymers.2%¢

Hydrogen bonds have been employed to crosslink the polymers and form supramolecular
networks.?7%:285.297.2%8 The materials crosslinked with hydrogen bonds normally present tunable
high strength, large extensibility, improved thermostability and healable capability.273299:3% |n
addition, in many systems physical and chemical crosslinking are combined to achieve a great

balance of properties.301-304

For example, H-bonds have been used for the synthesis of supramolecular
hydrogels.300305.306 physical hydrogels are physical polymer networks able to absorb great
amounts of water and their softness, inherent reversibility, dynamism, adaptability and stimuli-
responsiveness make them particularly interesting for medical applications such as cell culture,

tissue engineering, on-demand controlled release of therapeutics or molecular sensing.247:307

In addition, hydrogen bonds have been utilized for the synthesis of supramolecular
adhesives.308-310 For example, Feldstein and co-workers prepared pressure sensitive adhesives
(PSAs) based on stoichiometric complexes of high molecular weight H-bond accepting polymers
such as polyvinyl pyrrolidone (PVP) and hydroxyl terminated polyethylene glycol oligomers (OH-
PEG) as H-bond donor crosslinkers. The PVP-PEG blends at 8-9% degree of hydration

presented higher elastic modulus and tensile strength and lower break elongation with the PEG
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content Maximum toughness was achieved when 36 wt% of PEG was employed. In addition, the

adhesives presented thermo-switchable adhesive properties.311-313

In the field of waterborne coatings, hydrogen bonds have been employed to reinforce the
mechanical properties of the films cast from aqueous dispersions. For example, Richard and
Magquet demonstrated that the presence of carboxylic acids in a polystyrene/butadiene latex led
to the formation of reinforced particle-particle interface because of H-bond interactions.3'4 In
addition, it has been shown that hydrophilic polyacrylic acid blocks on the shell of the polymer
particles can form a percolating network of acrylic acid units that increases the Young’s modulus
of the materials because of physical crosslinking.3>-318 However, the main drawback of such
systems relies in their high water sensitivity. When the films are put into contact with water, the
water molecules disrupt the relatively weak H-bonds between carboxylic acids and the films lose
the mechanical coherence gained due to the acrylic acid percolating network.31%320 One way to
address this issue is to increase the strength of the H-bonds by employing H-bonding arrays
instead of single or double H-bonds. For example, Chen et al incorporated an ureido
pyrimidinone (Upy) self-associating functional monomer to an aqueous acrylic formulation. The
dried film exhibited polyhedral-type structure where the particle-particle interface was reinforced
by the quadruple hydrogen bonding interactions. These films presented improved mechanical
performance and solvent resistance. Nevertheless, >100% weight based on monomers of
chloroform was utilized in the synthesis to solubilize the Upy monomer.32! In a different example,
Karikari et al. employed a functional Upy monomer to produce physically crosslinked metal-free

aqueous floor coatings with improved durability.32
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1.4.3.4. Classification of the crosslinking systems depending on the position

of the functional groups

Another practical way to classify the crosslinking systems is depending on the position of
the functional groups in the dispersion. The possible different geometries are summarized in
Figure 1.22. The first approach is the two component two pot system shown in Figure 1.22.A
where functional polymer particles are crosslinked by water-soluble/dispersible crosslinkers.
Some examples of this approach are melamine/formaldehyde,®2% hydroxyl/isocyanate,164-166
carboxylic acid/aziridine,'8181 carboxylic acid/carbodiimides,8>18 carboxilate/cation,254-258
acetoacetoxy/aminel%-200 or epoxy/amine42192:323 crosslinking technologies. In this approach,
the high reactivity of the functional groups typically causes the premature crosslinking of the
polymer chains in the wet state and therefore, the components must be stored separately and
mixed just before the application. Industrially, the pot-life of the products can be extended by
“pblocking” the functional groups of the crosslinker. The blocked species are unreactive adducts
formed from the reaction between the reactive moiety of the crosslinker with another functionality.
The blocked crosslinkers stay latent in the wet state but they become active during the film
formation when the adduct is broken at high temperatures.142163.166167.170 |n these systems, the
pot-life is extended at the expense of higher curing temperatures and an increase in the VOC
content in the formulation, since the small molecules released from the adduct will eventually

evaporate.

Another way to prevent the premature crosslinking of the functional groups and expand
the shelf-life of the dispersions is to locate the crosslinking functionality in a second set of polymer
particles. This scenario is illustrated in Figure 1.22.B. In this case, the reaction between the
functional groups is avoided by steric or anionic repulsions between the polymer particles and

crosslinking only takes place when the functional groups are brought into intimate contact during
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film formation. Since the two components can co-exist in the same dispersion, these systems
are referred as two component one pot products. Some examples are epoxy/amine,°3 carboxylic
acid/carbodiimide'®818 or acetoacetoxy/amine!#324325 functional polymer particle blends.
Compared to the two component two pot systems, the absence of the mixing step provides
several advantages to the one-pot products such as higher crosslinking reproducibility and easier

manipulation for the user.

The last system is the one component one pot product shown in Figures 1.22.C and
1.22.D where one self-curing dispersion is employed. The first option to achieve self-curing
dispersions is to incorporate the two functional groups needed for the crosslinking reaction in the
same dispersion (see Figure 1.22.C). However, the lack of examples in the literature for these
systems suggests that the double functionalization of the polymer particles leads to the
premature crosslinking of the polymer particles limiting their practical use. The second option
shown in Figure 1.22.D comprises the use of polymer dispersions with self-interacting functional
groups. Some examples of this approach are alkoxysilane, %6228  N-methylol
methacrylamide?31.232 or Upy321.822:326 containing functional particles. The main advantage of this
approach is the production of one sole functional dispersion. The two component two pot stable
systems composed of functional polymer particles and water-soluble crosslinkers may also be

included in this group since it only implies the synthesis of one latex.
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Figure 1.22. Different dispositions of the functional groups in the crosslinking dispersions: (A) Functional
polymer particles with water-soluble crosslinkers, (B) blends of complementary functional particles, (C)
doubly functionalized polymer particles and (D) functional polymer particles with self-interacting functional
groups. The blue “A” moieties and red “B” moieties represent complementary functional groups that are able

to interact between them and the “C” green moieties represent self-interacting functional groups.

In addition, the position of the functional groups within the polymer particles also varies
according to the hydrophilicity of the functionalities employed in each system. In Figure 1.22, the
functional groups are represented preferably on the surface of the polymer particles due to the

hydrophilic nature of most reactive groups, but their position should be considered in each case.

The position of the crosslinkers (Figure 1.22 A) in the system also depends on their
hydrophilicity. For example, polyamines are hydrophilic and water-soluble whilst polyisocyanates
or carbodiimides are hydrophobic and need to be pre-emulsified in order to be incorporated to
the system. In some systems, the hydrophilicity of the crosslinkers is tuned by attaching different
pendant groups to their structure. For example, hydrophilic pendant groups such as polyethers,
polyesters or carboxylic groups containing alkyl chains are attached to hydrophobic crosslinkers
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to make them surface-active and water-dispersible. After the chemical modification, the surface-
active crosslinkers can be added self-dispersed in water without the incorporation of additional

surfactants.142:165,168,185,186

1.5. Motivation and outline

High performance waterborne dispersions are required for the complete replacement of
solventborne products by their waterborne counterparts. Industrially, coalescing agents are used
to temporarily plasticize high T4 polymer chains and enable film formation of hard polymer
dispersions that lead to stiff polymer films. However, the need for a volatile plasticizer brings
back the environmental concerns related to the release of VOCs to the atmosphere. Another
widely employed way to improve the mechanical performance of the films cast from aqueous
dispersions is the crosslinking of the polymer chains after film formation. The aim of this PhD
thesis is to explore the use of hydrogen bonding for the physical crosslinking of waterborne
polymer dispersions and the mechanical reinforcement of the materials cast from those
dispersions. The use of H-bonds as crosslinks is presented as an alternative to the conventional
covalent crosslinking chemistries that often employ toxic chemicals and require annealing. The
knowledge gained in this work aims to contribute to the progress towards the production of
mechanically strong polymer films cast from non-toxic, stable and ambient curable waterborne

dispersions for the complete replacement of solvent-based products.

Chapter 2 is dedicated to the investigation of systems composed of blends of functional
particles with H-bond and acceptor groups and doubly functionalized polymer particles. Two
types of H-bonds were utilized: The single H-bond between a pyrrolidone and an aliphatic

hydroxyl group and the double H-bond between uracil and adenine groups. The influence of such
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hydrogen bonds on the mechanical performance of the polymer films cast from the dispersions

is analyzed.

Chapters 3-5 are devoted to the analysis of systems composed of functional polymer
particles and water-soluble species. In Chapter 3, polyvinyl alcohol (PVOH) stabilized polymer
particles were combined with water-soluble H-bond acceptor species such as polyvinyl
pyrrolidone, tannic acid or gallic acid. In Chapters 4 and 5, functional polymer dispersions with
pyrrolidone moieties were blended with aqueous solutions of tannic acid. Chapter 4 is dedicated
to materials for coating applications and Chapter 5 to pressure sensitive adhesives. The
influence of the H-bonds on the microstructure, mechanical performance and water sensitivity of

the materials is discussed in each chapter.

In Chapter 6, the free radical polymerization of various monomer families in presence of
catechols and catechol-containing monomers is studied. The knowledge gained in this
fundamental study was utilized in Chapter 7 for the synthesis of catechol-based water-soluble
polymers. The catechol-polymers were subsequently combined with pyrrolidone functionalized
polymer dispersions and the effect of the pyrrolidone-catechol H-bonds on the performance of

the materials was analyzed.
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Chapter 2. Functional polymer dispersions with H-
bonding groups: pyrrolidone — hydroxyl and uracil

— adenine complexation

2.1. Introduction

As highlighted in the introduction of this thesis, physical bonding networks arising from
hydrogen bond interactions can be used to significantly improve the mechanical properties of
polymer materials. Although more recent work has focused on motifs that lead to multiple
hydrogen bond arrays,-8 even relatively weak single/double hydrogen bond interactions such as
those of pyrrolidone — hydroxyl and uracil — adenine H-bonds (see Figure 2.1) can potentially be

used to increase interactions between polymer chains.®-6

A B :
.0 N N §

I\Sl H \§ \ \( rf\ N
uv/o N—H N___ N/)
Aliphatic Lo _

Pyrrolidone hydroxyl Uracil O H N\H Adenine

Figure 2.1. (A) Single H-bond between a pyrrolidone and an aliphatic hydroxyl and (B) double H-bond

between uracil and adenine.
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In this chapter, we look at the potential use of functional acrylic dispersions that contain
hydrogen bonding groups within the backbone of the main latex polymer phase to form films that
are physically crosslinked. These systems are comparable to many two-pot chemically
crosslinked systems where the reactive groups are initially in different particles and later react to
form a network in the dried state. We look in detail at two distinct systems. In the first system we
explore the use of the pyrrolidone-hydroxyl pair, which interact via H-bonding leading to a
complex with an association constant of the order of 1 M-1.17 Systems in which the pyrrolidone
and hydroxyl groups are in different particles and in the same particle are analyzed as shown
schematically in Figure 2.2. The second system explores the use of monomers containing uracil
and adenine nucleobases which interact forming double complexes with an association constant
of 100 M1.4 In this second case, the uracil and adenine are in different particles as shown

schematically in Figure 2.3.
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Blends of polymer particles Doubly functionalized particles

@ Pyrrolidone Aliphatic hydroxyls
$ o] 0
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Figure 2.2. Schematic representation of the polymer dispersions and polymer dispersion blends used for the
investigation of the influence of pyrrolidone — hydroxyl H-bonds on film properties. In the scheme, the

subscripts after the monomer units express the weight % of the monomers used for the synthesis.
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Blends of polymer particles
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Figure 2.3. Schematic representation of the polymer blends prepared from the polymer dispersions
functionalized with uracil and adenine units. In the scheme, the subscripts after the monomer units express

the weight % of the monomers used for the synthesis.

Following these results we explore the limitations of the use of hydrogen bonding systems
in the development of physically crosslinked films cast from latex dispersions. To do so, the
influence of pyrrolidone — hydroxyl and uracil — adenine H-bonds on the rheological behavior of

low molar mass polymers is explored.
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2.2. Experimental part

2.2.1. Materials

Technical grade monomers methyl methacrylate (MMA, Quimidroga) and n-butyl acrylate
(BA, Quimidroga) were used without purification. N-vinyl pyrrolidone (NVP, >99%, Sigma
Aldrich), 2-hydroxyethyl methacrylate (HEMA, 97%, Sigma Aldrich), 2,3-dihydroxypropyl
methacrylate (DHPMA, 90%, Polysciences), adenine (99%, Alfa Aesar), uracil (99+%, Alfa
Aesar), 1,4-butanediol diacrylate (BDDA, 90%, Sigma Aldrich), 2,6-di-tert-butyl-4-methylphenol
(BHT, 299%, Fluka), ammonium persulfate (APS, 298%, Sigma Aldrich), 4,4-azobis(4-
cyanovaleric acid) (V-501, >98%, Sigma-Aldrich), dibenzyl peroxide (DBP, 75%, Sigma Aldrich),
sodium bicarbonate (NaHCOs, Sigma Aldrich), sodium carbonate (Na2COs, Sigma Aldrich),
potassium carbonate (K2COs, 299%, anhydrous, Sigma Aldrich), sodium chloride (NaCl,
synthesis grade, Fischer), magnesium sulfate (MgSOa4, anhydrous, Fischer) triethylamine (TEA,
99%, Sigma Aldrich) and n-dodecanethiol (DSH, 297%, Sigma-Aldrich) were used as received.
Dimethyl formamide (DMF, 299.8%, Sigma Aldrich), dimethyl sulfoxide (DMSO, synthesis grade,
Scharlau), m-xylene (for synthesis, Merck), diethyl ether (synthesis grade, Scharlau), n-hexane
(96%, Scharlab), tetrahydrofuran (THF, laboratory reagent grade from Fischer and HPLC grade
from Scharlab) and dichloromethane (DCM, Pharmpur®, Scharlab) were used without
purification. Dowfax 2A1 was kindly supplied by Dow Chemical Company. Deionized water was

used as polymerization media.
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2.2.2. Synthesis of polymer dispersions with pyrrolidone and hydroxyl
groups

The polymer dispersions with pyrrolidone and/or hydroxyl groups were synthesized by
seeded semibatch emulsion polymerization according to the procedure proposed by Haddock et
al.’® N-vinyl pyrrolidone (NVP) was used as functional monomer (F.M.) to incorporate the
pyrrolidone groups to the acrylic dispersions, and 2-hydroxyethyl methacrylate (HEMA) and 2,3-
dihydroxypropyl methacrylate (DHPMA) with one and two aliphatic hydroxyl groups in their
structure respectively were used to incorporate the hydroxyl functionality into the dispersions.

The chemical structures of NVP, HEMA and DHPMA are shown in Figure 2.4.

O O
A o, B cH
I 2 SN 2
I 5 j’)J\O H j)l\o/\(\?
&r o
H
N-vinyl pyrrolidone 2-hydroxyethyl methacrylate  2,3-dihydroxypropyl methacrylate
(NVP) (HEMA) (DHPMA)

Figure 2.4. Chemical structures of NVP, HEMA and DHPMA.

The formulations used for the polymerizations are presented in Table 2.1. In the reactions,
methyl methacrylate (MMA) and n-butyl acrylate (BA) were used as main monomers, sodium
bicarbonate (NaHCOs) was used as buffer to control the pH, Dowfax 2A1 was used as surfactant
and ammonium persulfate (APS) as thermal initiator. In addition, 0.1 weight based on monomers
(wbm) % of n-dodecanethiol (DSH) was used as chain transfer agent (CTA) to limit the

crosslinking of the polymer chains and gel formation during the polymerizations.
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Table 2.1. Formulations employed for the synthesis of the polymer dispersions with pyrrolidone and hydroxyl

functionalities. F.M. refers to functional monomer.

F.M. MMA  BA DSH H,O Dowfax APS NaHCOs
@) @ @) @) @) @ )] )]
| Seed - 10 10 - 160 4.28 0.267 1
s
du F1 - - - - 37.3 2.38 1.333 -
Lk
F2 - 90 9 018 - - - -
o | Seed NVP 1 9 10 - 160 4.28 0.267 1
>
8z F1 - - - - 37.3 2.38 1.333 -
g5
0 F2 NVP 9 81 90 0.18 - - - -
< | Seed | HEMAL 9 10 - 160 4.28 0.267 1
S
g4 F1 ; - - - 37.3 2.38 1.333 -
S
B F2 HEMA 9 81 9 018 - - - -
<< | Seed | DHPMA1 9 10 - 160 4.28 0.267 1
o
k3 z F1 ; - - - 37.3 2.38 1.333 -
©
- e
3 F2 DHPMA 9 81 90 0.8 - - - -
NVP 0.5
o | Seed | Evaos 9 10 - 160 4.28 0.267 1
Ly
8T | A - - - - 373 238  1.333 -
SE8
N NVP 4.5
Y| F2 HEMA 4.5 81 9 018 - - - -
< NVP 0.5
o3 Seed | Llova DS 9 10 - 160 4.28 0.267 1
M
$z8 | A - - - - 37.3 2.38 1.333 -
S5 3
N QG NVP 4.5
Y F2 | poemaas 81 9 018 - - . -

The set up employed to carried out the polymerizations consisted of a glass reactor

equipped with a nitrogen inlet, a reflux condenser, an anchor-type mechanic stirrer, a

thermocouple and two feeding pumps. The temperature of the reaction medium was controlled

using a water jacket connected to a thermostatic bath. The whole system was controlled by an
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automatic control system (Camile TG, Biotage). The reactions were carried out under nitrogen
atmosphere at 70 °C and a stirring velocity of 200 rpm. First, the ingredients of the seed were
charged into the reactor and the system was stirred and purged with N2 for 20 min. Then, the
temperature was increased to 70 °C and the initiator was injected to start the polymerization and
create the seed polymer particles. After 30 min of polymerization, the two feeding streams, one
containing an aqueous solution of initiator and surfactant (F1) and the other a mixture of
monomers with 0.1 % wbm CTA (F2), were added to the reactor for 3 h. At the end of the feeding,
the temperature was kept at 70 °C for additional 30 min to ensure high monomer conversion.
Samples were withdrawn from the reactor during the course of the reactions to follow the

polymerization process.

In total, 6 polymer dispersions were prepared. In Latex 1, no functional monomer was
used as reference. In Latexes 2-4, 5 wt% of NVP, HEMA and DHPMA were incorporated,
respectively. Latexes 5 and 6 were doubly functionalized polymer dispersions with 2.5 wt% of

NVP and 2.5 wt% of either HEMA or DHPMA.

2.2.3. Synthesis of uracil acrylate (UrA) and adenine acrylate (AdA)

The acrylic monomers containing adenine and uracil nucleobases were synthesized by
means of the Aza-Michael Addition reaction of adenine and uracil with 1,4-butanediol diacrylate
(BDDA) based on the procedure reported by Cheng et al.*® The reaction pathway is shown in
Scheme 2.1 and the formulations used for the synthesis of the nucleobase functionalized

acrylates are shown in Table 2.2.

90



Functional polymer dispersions: pyrrolidone — hydroxyl and uracil — adenine complexation
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Scheme 2.1. Aza-Michael Addition reaction of adenine and uracil with 1,4-butanediol diacrylate for the

synthesis of uracil acrylate (UrA) and adenine acrylate (AdA).

Table 2.2. Formulations used for the synthesis of uracil acrylate (UrA) and adenine acrylate (AdA).

Monomer Nucleobase Solvent Base BDDA BHT
(9) (mL) (@) (mL) 9)
Uracil acrylate )
Uracil 5 DMF 100 TEA 4.72 17.45 0.3
(UrA)
Adenine acrylate )
(AdA) Adenine 5 DMSO 100 K2CO3 0.25 18.70 0.3

First, the nucleobases were dispersed in the continuous media (DMF for uracil and DMSO
for adenine) and BHT was added to avoid the polymerization of the acrylic monomers during the
synthesis. Then, the base was added as catalyst to the dispersion (1 equivalent of
trimethylamine, TEA, in the case of the uracil and catalytic amount of potassium carbonate,

K2COs, in the case of adenine) and the mixture was stirred at room temperature for uracil and at

91



Chapter 2

60 °C for adenine. After one hour of stirring the mixtures became transparent indicating the
deprotonation of the nucleobases. At this moment, 2 equivalents of 1,4-butanediol diacrylate

(BDDA) were added and the mixtures were stirred at 60 °C for 24 h.

The reaction mixture was poured into 1 L of brine (5% NaCl in H20) and washed 3 times
with 80 mL of hexane to remove the excess of BDDA. Afterwards, the aqueous phase was
extracted 3 times with 100 mL of dichloromethane (DCM). The organic extracts were combined
and washed 3 times with 500 mL of brine to remove the traces of DMF and DMSO. Then, the
organic phase was dried using MgSOy, filtered and concentrated in a vacuum evaporator to
remove all the solvents. Finally, the adenine acrylate monomer was washed with diethyl ether to
remove the last DMSO traces. In the case of uracil acrylate, the concentrated solution obtained
in the vacuum evaporator was extracted with diethyl ether and crystalized in the freezer for 3

days.

For UrA, the yield of the reaction was 39.3 % and the *H-NMR spectrum after purification
is shown in Figure 2.5. 'H NMR (400 MHz, Chloroform-d) & 8.96 ppm (1H, s, -C(O)-NH-C(O)-,
signal l), 7.41 ppm (1H, d, -C(0)-CH=CH-N-, signal ), 6.43 ppm (1H, d, -CH=CHH, trans, signal
a), 6.14 ppm (1H, dd, -CH=CHH, signal b), 5.86 ppm (1H, d, -CH=CHH, cis, signal c) 5.69 ppm
(1H, d, -C(O)-CH=CH-N-, signal k), 4.26 — 4.13 ppm (4H, m, -C(0O)-O-CH2-CH.., signals g and
d), 4.02 ppm (2H, t, -O-C(0O)-CH2-CH2-N-, signal i), 2.81 ppm (2H, t, -O-C(0O)-CH2-CHz>-, signal

h), 1.76 ppm (4H, p, -C(0)-O-CH2-CHz, signals e and f).
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Figure 2.5. 'H-NMR spectrum of uracil acrylate.

For AdA, the yield of the reaction was 17.3 %. The *H-NMR spectrum of AdA after
purification is shown in Figure 2.6. *H NMR (400 MHz, Chloroform-d) & 8.38 ppm (1H, s, =N-
CH=N-, signal I), 7.95 ppm (1H, s, -N-CH=N-, signal j), 6.42 ppm (1H, d, -CH=CHH, trans, signal
a), 6.13 ppm (1H, dd, -CH=CHH, signal b), 5.82 ppm (1H, d, -CH=CHH, cis, signal c), 5.64 ppm
(2H, d, =N-C(NH2)=, signal k), 4.53 ppm (2H, t, -O-C(O)-CH2-CH:-, signal i), 4.23 — 4.07 ppm
(4H, m, -C(O)-O-CH2-CHz-, signals d and g), 2.97 ppm (2H, t, -O-C(O)-CH2-CHz-N, signal h),

1.71 ppm (4H, p, -C(0)-O-CH2-CHz-, signals e and f).
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Figure 2.6. 'H-NMR spectrum of adenine acrylate.

2.2.4. Synthesis of polymer dispersions with uracil and adenine groups

Polymer dispersions with uracil or adenine units were produced by batch emulsion
polymerization. The formulations used for the synthesis of the acrylic dispersions are shown in
Table 2.3. In the polymerizations, MMA and BA were used as main monomers in a = 50 / 50
weight ratio and 3 wt% UrA and AdA were added in runs NB2 and NB3 to incorporate the uracil
and adenine groups. The monomer weight ratios were selected to obtain polymers with glass
transition temperatures (Tg) near 10 °C. For the emulsion polymerizations 2 % wbm Dowfax 2A1

was used as surfactant and 0.5 % wbm of V501 as thermal initiator.
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Table 2.3. Formulations used for the synthesis of the acrylic dispersions with uracil and adenine moieties.

NB is the short name of nucleobase.

Run FM. MMA BA H0  Dowfax V501  Na,CO; NaHCO;
(9) (9) (9) (9) (9) (9) (9) (9)
NB1 - Blank - 10 10 30 0.4 0.1 0.159  0.126
NB2-3wt% UrA | UrA06 9.8 9.6 30 0.4 0.1 0.159  0.126
NB3-3wt% AdA | AdA0.6 9.7 9.7 30 0.4 0.1 0.159  0.126

UrA and AdA are solid monomers with very low solubility in the MMA / BA mixture (= 1
wt%) and insoluble in water at neutral pH. Therefore, to increase the solubility of the monomers
in water, the pH of the aqueous phase was increased to 10.3 using a 1/1 mol ratio
Na2CO3/NaHCOs buffer, which allowed the deprotonation of the nucleobases (pKa,uraci= 9.5 and
PKa,adenine = 9.8)1° and the solubilization of UrA and AdA monomers in the aqueous phase. Then,
the surfactant and the rest of the monomers were added to the aqueous phase to prepare the
preemulsion. The preemulsion was transferred to a 100 mL glass reactor equipped with a
nitrogen inlet, anchor type stirrer and reflux condenser. The reaction was controlled using a water
jacket connected to a thermostatic bath. The system was purged with N2> and heated to 70 °C.
When the temperature was reached, the polymerization was initiated with a shot of V501
dissolved in 2 g of water. Then, the polymerization was conducted for 240 minutes in NB2 and
for 150 minutes in NB1 and NB3. The system was stirred mechanically during the synthesis using

a stirring velocity 200 rpm.
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2.2.5. High temperature solution polymerizations

Low molar mass polymers with pyrrolidone, hydroxyl, uracil and adenine functionalities
were produced by high temperature solution polymerization based on a procedure described by
Hutchinson et al.?° The copolymerization with NVP and HEMA was carried out using m-xylene
as solvent. Due to solubility limitations in m-xylene, the copolymerization with UrA and AdA was
conducted in DMF. The formulations used for the copolymerizations are given in Table 2.4. In
both cases, 1.5 mol% dibenzyl peroxide (DBP) was used as thermal initiator. The set up used to
carry out the reactions consisted of a 250 mL three-neck round bottom flask, a condenser, a
syringe pump, a nitrogen inlet and an oil bath to control the temperature. The polymerizations
were conducted at 110 °C under nitrogen atmosphere. The reaction medium was stirred with
magnetic stirring and a condenser was employed to avoid the evaporation of the volatile

components.

Table 2.4. Formulations used for the high temperature copolymerizations of NVP, HEMA, UrA and AdA.

NVP  HEMA UrA AdA MMA BA m-xylene DMF DBP

Copolymer @ @ @ @ @ @ @ @ ©
SP1 - Blank - - - - 35 35 100 - 4.5
SP2 - 20 wt% NVP 14 - - - 21 35 100 - 4.5
SP3 - 20 wt% HEMA - 14 - - 21 35 100 - 4.5
SP4 - 10 wt% NVP +
10 Wt% HEMA 7 7 - - 21 35 100 - 45
SP5 - Blank - - 5 5 - 100 0.32
SP6 — 20 wt% UrA - - 2 - 3 5 - 100 0.32
SP7 — 20 wt% AdA - - - 2 3 5 - 100 0.32
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For the polymerizations in m-xylene (SP 1-4), first the solvent was charged into the round
bottom flask and the system was purged with N2 for 30 minutes. Then, the round bottom flask
was immersed in the oil bath at 110 °C and 10 minutes after, the remaining ingredients (mixture
of monomers and initiator) were fed for 4 hours with a syringe pump. After the completion of the

feeding, the system was kept at high temperature for 1 h to ensure high monomer conversion.

In the copolymerizations carried out in DMF (SP 5-7), first the monomers and the initiator
were dissolved in the continuous medium. 10 g of the solution were placed inside the round
bottom flask and the system was stirred and purged with N2 for 30 minutes. Then, the system
was heated to 110 °C and after 10 minutes, the rest of the solution was fed with a syringe pump

for 4 h and 30 min. After the feeding, the system was post-polymerized for 1 h.

2.2.6. Blending and film casting

After the synthesis of the polymer dispersions, Latex 2 (5 wt% NVP) was blended with
Latex 3 (5 wt% HEMA) and Latex 4 (5 wt% DHPMA) in a 1 / 1 weight ratio. The blends were
stirred for 30 minutes. Then, the blends and the neat latexes (Latex 1-7) were cast into silicone
molds and dried for 7 days at 23 + 2 °C and 55 + 5% relative humidity. To remove the water
traces from the films, the films were dried for two more days at 25 °C and vacuum. The tensile
measurements of these films were performed right after the drying under vacuum conditions. For
the films cast from solution, the polymers obtained from drying the dispersions were redissolved
in THF at a concentration of = 5 wt%, cast from the THF solutions and dried for 5 days at room
temperature and 8 days at 65 °C. The dried polymer films were then cut in small pieces and
reprocessed using a Collin P 200E hot press at 120 °C using the following method: heat the
samples at 120 °C for one minute, increase gradually the pressure to 200 bar in 1 minute, keep

the pressure at 200 bar for 1 minute, cool down the system to 30 °C at 200 bar (around 5 minutes)
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and release the pressure. The 5%DHPMA and NVP-DHPMA blend materials could not be
reprocessed due to the insolubility of the polymer in THF. For the annealing experiments, the
films cast from the dispersions were heated to 65 °C for 7 days. The tensile test probes prepared
from the annealed films and materials cast from solution were conditioned for at least 1 hour at

23 + 2 °C and 55 = 5% relative humidity before the tensile tests.

The latexes with 3 wt% UrA (NB2) and 3 wt% AdA (NB3) were blended in a 1/ 1 weight
ratio and magnetically stirred for 30 minutes. Then, the blend and the neat latexes (NB 1-3) were

cast into silicone molds and dried for 7 days at 23 + 2 °C and 55 + 5% relative humidity.

After the high temperature solution copolymerizations, the polymer solutions obtained in
SP2 (20 wt% NVP) and SP3 (20 wt% HEMA) were blended in a 1 / 1 weight ratio. Then, the
solutions obtained in SP1-4 and the SP2-SP3 blend were dried at 65 °C until constant weight of
the samples was achieved (= 8 days). The polymers obtained in SP5-7 were precipitated from
500 mL deionized water. Then, the polymers were redissolved in acetone and the solutions
prepared from the copolymers produced in SP6 (20 wt% UrA) and SP7 (20 wt% AdA) were mixed
in a 1/ 1 weight ratio. The acetone solutions were dried at 65 °C until constant weight of the

samples was achieved (= 8 days).

2.2.7. Characterization

During the synthesis of the polymer dispersions, the monomer conversion of the volatile
monomers was determined gravimetrically and the particle size was measured using Dynamic
Light Scattering (DLS). In the high temperature copolymerizations, the individual monomer
conversions were determined by *H-NMR following the disappearance of the vinyl proton peaks

and using the signal at 2.4 ppm of the 2 methyl groups of xylene as internal standard in SP1-4
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and the signal at 8.05 ppm of DMF in SP5-7 to normalize the signals of the vinyl protons. For the
analysis, around 50 pyL samples were taken from the polymerization medium and they were
diluted in 500 pyL CDCls in SP1-4 and in 500 pL de-DMSO in SP5-7. The spectra were acquired

on a Bruker 400 MHz equipment at room temperature.

The gel content of the polymers was determined with Soxhlet extractions in THF and the
molecular weight distributions (MWDs) of the polymers were measured using size exclusion
chromatography in THF. More information about the monomer conversion, particle size, gel

content and MWD characterization methods is given in Appendix I.1.

The mechanical properties were evaluated by tensile tests at a strain rate of 10 mm/min
(see Section 1.2.1 of Appendix | for more information). The dynamic mechanical analysis (DMA)
measurements were carried out in a Triton 2000 DMA (Triton Technology) equipped with a liquid
nitrogen cooling system. The measurements were performed in tension mode at 1 % deformation
and a single frequency of 1 Hz. The samples were cooled down to = =50 °C and heated with a
rate of 4 °C mint until = 100 °C. The linear viscoelastic behavior of the low molar mass polymers
was analyzed by conducting frequency sweep tests (0.1 — 100 Hz) at constant temperature and
applying a strain of 0.1 %. The experiments were carried out on an Anton Paar rheometer, using
= 1 mm thick polymer layers and an 8 mm diameter parallel plate geometry. The results obtained

at -10, 1, 10 and 25 °C where then superposed using 10 °C as reference temperature.
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2.3. Results and discussion

2.3.1. Pyrrolidone — hydroxyl complexation

2.3.1.1. Synthesis of polymer dispersions with pyrrolidone and hydroxyl groups

After the polymerizations, stable latexes with solids content around 50 % were obtained
from Runs L1-L6. The monomer conversion and particle size evolution during the synthesis of
the dispersions is shown in Figures 2.7.A and 2.7.B, respectively. In addition, the final monomer

conversion and particle size, gel content and molecular weight of the polymers are presented in

Table 2.5.
A Monomer Conversion in L1 - L6 B Particle Size time evolution in L1 - L6
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Figure 2.7. (A) Instantaneous monomer conversion and (B) particle size time evolution during the synthesis

of Latex 1-6. The theoretical growth of a 55 nm seed assuming that there is neither secondary nucleation nor

coagulation during the semibatch stage is shown for comparison.

100




Functional polymer dispersions: pyrrolidone — hydroxyl and uracil — adenine complexation

Table 2.5. Final monomer conversion, particle size, gel content and molecular weight distribution of the

polymer dispersions produced in runs L1-L6.

Run Description Firz;l))XM d?nzrsgid d(zzr';‘]”)a' Gel ((:oo/or;tent (kg'>/|n‘fllo|)
L1 | Blank-0% F.M. 96.9 5443  111%2 <1 480
L2 5% NVP 96.5 5841  135%1 <1 680
L3 5% HEMA 97.0 50+1 12422 <1 468
L4 5% DHPMA 97.4 5741 118%1 54 248
L5 N 99.5 46+1  125+1  139+13 382
L6 A 99.3 5041 133%1 5303 316

Although some differences arose in the instantaneous conversion at short times, largely
as a result of some variability in the initial formation of the seed, high instantaneous monomer
conversions (Xinst > 80%) were obtained during the reactions in all cases. At the end of the
reaction, the monomer conversion was higher than 95 % in all polymerizations, suggesting at
least the partial incorporation of the functional monomers to the acrylic particles. Regarding the
particle size, Figure 2.7.B shows that the polymer seeds formed after 30 minutes of reaction had
a particle size of 46 — 59 nm. During the semibatch stage the polymer particles grew until a final
particle size between 111 and 135 nm. It is worth mentioning that the experimental particle size
values were close to the theoretical dp: values indicating that no significant secondary nucleation
or coagulation of the particles occurred during this stage. Overall, the comparison of the final dp:
values shows that the addition of hydrophilic monomers led to polymer dispersions with slightly

higher particle sizes.
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Regarding the microstructure of the polymers, the addition of 0.1 % wbm CTA to the
formulation led to polymers with gel contents lower than 10 %. The only exception was Latex 4,
where 5 wt% DHPMA was copolymerized. This polymer showed a 54 % gel content and the
higher crosslinking degree of the polymer was attributed to the presence of 1,3-glyceryl
bismethacrylate (the structure is shown in Figure 2.8) that is generated as byproduct in the
synthesis of DHPMA. The molar % of this compound in the DHPMA mixture determined by *H-

NMR was = 10 mol%.

O O

I gliye

OH

Figure 2.8. Chemical structure of 1,3-glyceryl bismethacrylate.

2.3.1.2. Tensile properties

After the synthesis of the polymer dispersions, the neat dispersions and the latex blends
with hydroxyl and pyrrolidone groups were cast and dried for 7 days at standard conditions (23
+2°C and 55 + 5 % RH). The stress-strain plots are shown in Figure 2.9 and the values obtained

from the plots are summarized in Table 2.6.
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Figure 2.9. Stress-strain plots of the (A) NVP-HEMA and (B) NVP-DHPMA materials with pyrrolidone and

hydroxyl groups cast from dispersion and dried for 7 days at standard conditions.

Table 2.6. Mechanical parameters of the NVP-HEMA and NVP-DHPMA materials related to the stress-strain

plots presented in Figure 2.9.

Young’s Yield Tensile Ultimate
Latex Material Modulus stress strength strain

E (MPa) Oy (MPa)  Omax (MPa) ¥Ymax ()

L1 Blank 21+£2 0.8+0.1 65+1.2 54+0.7

L2 5% NVP 575 21+0.1 83x0.1 42+0.1

L3 5% HEMA 48 +9 1.0+£0.1 10.4+£0.7 49+0.1

L4 5% DHPMA 46 + 11 1.3+£05 11.4+09 41+0.1

L2 -L3 blend | NVP-HEMA blend 53+2 15+£0.1 9.7+11 4.7+0.5
L5 NVP-HEMA same particle 71+12 23+04 53+0.8 8.0x1.2
L2-L4 blend | NVP-DHPMA blend 41+6 1.0+£0.1 98+25 53+0.7
L6 NVP-DHPMA same particle 18+3 06+0.1 59+0.6 55+0.6

It can be seen in Figure 2.9 that the blank material without functional monomers prepared
from Latex 1 showed the lowest Young’s modulus (E), yield stress (ay) and tensile strength (Gmax)
and highest extensibility (ymax). The addition of 5 wt% of NVP, HEMA or DHPMA in Latex 2-4 led
to materials with higher E, gy and Omax, and lower ymax. In addition, the material with 5 wt%
DHPMA showed a strain-hardening behavior caused by the gel fraction of the polymer. However,

the materials prepared from the NVP-HEMA and NVP-DHPMA latex blends (black plots) showed
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a mechanical behavior in between the starting materials, and no reinforcement coming from the

pyrrolidone - hydroxyl H-bond was observed.

There are multiple potential issues that may prevent the establishment of hydrogen
bonding and the physical reinforcement of these systems. The first is that in materials prepared
from blends of particles with similar particle sizes like the ones discussed herein, the contact
points between the two types of particles are limited and this could be a reason for the poor
crosslinking and low reinforcement observed for these blends. However, when both pyrrolidone
and hydroxyl functionalities were copolymerized in the same dispersion (Latexes 5 and 6), Figure
2.9 shows that there was no major improvement. While the NVP-HEMA Reaction material cast
from Latex 5 showed slightly higher E, oy and omax than the analogous NVP-HEMA blend, which
could be related to the physical crosslinking of the polymer chains with H-bonds, the NVP-
DHPMA Reaction film showed a mechanical behavior similar to the blank, with low E, oy and

Omax.

To further discard the idea that the lack of reinforcement is due to limited interactions
between chains from different particles, the films were annealed for 7 days at 65 °C. The
mechanical properties of the annealed films cast from dispersion are presented in Figure 2.10
and Table 2.7. The annealed materials showed higher E, oyand omax Which is likely due to the
greater interdiffusion of the polymer chains. However, the incorporation of H-bonds did not
change the behavior of the NVP-HEMA blend compared to the starting 5% NVP and 5% HEMA

films before or after annealing.
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Figure 2.10. Stress-strain plots of the NVP-HEMA and materials with pyrrolidone and hydroxyl groups cast

from dispersion, dried for 7 days at standard conditions and 7 days at 65 °C.

Table 2.7. Mechanical parameters of the NVP-HEMA materials related to the stress-strain plots presented

in Figure 2.10.
Young’s Yield Tensile Ultimate
Latex Material Modulus Stress strength strain

E (MPa) Oy (MPa) Omax (MPa) ¥Ymax ()

L1 Blank 50+9 1.2+0.1 84+1.1 6.5+0.5

L2 5% NVP 71+11 25+0.2 8.1+0.6 42+0.4

L3 5% HEMA 78 £ 10 1.7+£0.2 11.6 +0.8 47 +0.1

L2-L3 blend NVP-HEMA blend 69+9 20+0.2 10.2+04 51+05

As a conclusive demonstration that limited interdiffusion and mixing of chains containing
different H-bonding groups is not the reason that there is no significant improvement of the
mechanical properties, the polymer films cast from the dispersions were redissolved in THF and
cast from solution. The tensile test results of the films cast from solution are shown in Figure 2.11
and Table 2.8. The tensile test results show that the pyrrolidone-hydroxyl H-bonds did not affect
the mechanical behavior of the films even in the films cast from solution where there is no

impediment for the interaction between functional groups or for interdiffusion.
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Figure 2.11. Stress-strain plots of the (A) NVP-HEMA and (B) NVP-DHPMA materials with pyrrolidone and

hydroxyl groups cast from THF.

Table 2.8. Mechanical parameters of the NVP-HEMA and NVP-DHPMA materials cast from THF solution

related to the stress-strain plots presented in Figure 2.11.

Young’s Yield Tensile Ultimate
Latex Material Modulus stress strength strain

E (MPa) Oy (MPa) Omax (MPa) ¥Ymax ()

L1 Blank 17+8 0.6+0.2 76+1.4 76+14

L2 5% NVP 327 1.4+0.2 7013 21+0.3

L3 5% HEMA 31+16 1.0+0.2 95+23 2805
L2-L3 blend NVP-HEMA blend 16+5 0.9+0.2 6.7+1.6 2604
L5 NVP-HEMA reaction 46 £ 10 1.2+0.3 10.1+1.2 23+0.6

L6 NVP-DHPMA reaction 41+6 0.8+0.1 94+15 3.1+04

An alternative cause of the lack of H-bond reinforcement is the presence of residual water
molecules which can interrupt the H-bonds and prevent the physical crosslinking of the polymer
chains. To test that hypothesis, the films prepared from the dispersions and dried for 7 days at
standard conditions were dried for 2 additional days at 23 °C and high vacuum, to remove the
humidity from the polymer films. The results presented in Figure 2.12 and Table 2.9 show that
overall the materials showed higher E, oy and omax after drying in vacuum due to the removal of

small amounts of water that hydroplasticizes the polymer chains. Nevertheless, the relative

106



Functional polymer dispersions: pyrrolidone — hydroxyl and uracil — adenine complexation

behavior of each material with respect to the others did not change compared to the materials
dried at standard conditions and no contribution of the H-bonds was observed. Therefore, the
interruption of the physical network by residual water molecules was not the reason for the lack

of mechanical reinforcement observed for the H-bonded materials.

A NVP-HEMA - vacuum B NVP-DHPMA - vacuum
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Figure 2.12. Stress-strain plots of the (A) NVP-HEMA and (B) NVP-DHPMA materials with pyrrolidone and
hydroxyl groups cast from dispersion and dried for 7 days at standard conditions and 2 days at 23 °C and

vacuum.

Table 2.9. Mechanical parameters of the NVP-HEMA and NVP-DHPMA materials related to the stress-strain

plots presented in Figure 2.12.

Young’s Yield Tensile Ultimate
Latex Material Modulus stress strength strain

E (MPa) Oy (MPa) Omax (MPa) Ymax ()

L1 Blank 67 +3 1.4+0.2 10.8+0.2 6.0+0.1

L2 5% NVP 134 + 45 24+0.6 14.2+0.3 3.9+0.2

L3 5% HEMA 125 + 25. 27+0.6 142 +0.1 40+0.2

L4 5% DHPMA 152 + 23 3.3+0.1 17.2+0.8 39+0.1
L2-L3 blend NVP-HEMA blend 133+ 19 3.2+0.6 14.7+1.6 46+0.5
L5 NVP-HEMA reaction 125+9 4.6+0.2 12.7+0.6 3.8+0.2
L2-L4 blend NVP-DHPMA blend 121 +8 2705 154+1.0 3.7+0.2
L6 NVP-DHPMA reaction 75+ 16 1.6+0.3 122+1.1 50+0.3
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Itis clear from the above that the pyrrolidone-hydroxyl system is not capable of providing
significant mechanical reinforcement. This may be related to the relatively low concentration of
H-bonds or the limited strength of the H-bonds. Since concentrations above around 5 wt%
functional monomer become impractical, we therefore decided to move to the use of stronger H-
bonding systems. In the next section, the double H-bond between uracil and adenine groups
which has a Kanearly 100 times greater than the pyrrolidone — hydroxyl complexation was utilized

to crosslink the polymer chains and reinforce mechanically the polymer films.

2.3.2. Uracil —adenine complexation

The objective of this part of the work was to produce polymer dispersions with uracil and
adenine functional groups to prepare materials reinforced with H-bonds. First, acrylic monomers
with uracil and adenine groups were synthesized; then, the functional monomers were
incorporated to acrylic polymer dispersions by batch emulsion polymerization and the

mechanical properties of the films were analyzed by tensile test.

2.3.2.1. Synthesis of polymer dispersions with uracil and adenine groups

3 weight% of uracil acrylate and adenine acrylate were incorporated to the batch emulsion
polymerization of MMA / BA to prepare functional polymer dispersions with uracil and adenine
groups in runs NB2 and NB3, respectively. One more dispersion without functional monomers
was produced using the same polymerization procedure in NB1 as reference. The monomer
conversion during runs NB 1-3 is shown in Figure 2.13. The final monomer conversion, particle
size, gel content and molecular weight of the polymers produced in NB 1 — 3 are presented in

Table 2.10.
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Figure 2.13. Monomer conversion time evolution in runs NB 1-3.

Table 2.10. Final monomer conversion, particle size, gel content and molecular weight distribution (soluble

fraction after the Soxhlet extraction) of the polymer dispersions produced in runs NB 1-3.

Latex Firan/(: )X"" d(?]zr;;")a' Gel content (%) (k'\gvlvh?gl) )
NB1 - Blank 92 206 26 702 2.0
NB2 — 3% UrA 98 220 84 167 2.6
NB3 - 3% AdA 97 331 50 519 2.2

Stable polymer dispersions with solids content around 40 % were obtained in the three
reactions. The monomer conversions at the end of the polymerizations were 92 % in NB1 (blank),
98 % in run NB2 (3 wt% UrA) and 97 % in NB3 (wt% AdA), which suggested at least the partial
incorporation of the functional monomers into the polymer backbone. The final particle sizes
varied in the range 200 — 300 nm probably due to differences in the nucleation process. The gel
content of the blank copolymer with a composition of 50/50 MMA/BA was 26% and the
copolymers with 3 wt% UrA and 3 wt% AdA presented gel contents of 84 and 50 %, respectively.
In polymerizations carried out without crosslinker, gel is typically formed from intermolecular

chain transfer to polymer reactions from acrylic radicals followed by propagation or bimolecular
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termination.?! These reactions are favored at high monomer conversions when the concentration
of monomer in the system is low and the concentration of polymer is high, which increases the
probability for chain transfer relative to propagation. In runs NB2 and NB3 with 3 wt% of the
nucleobase-containing acrylic monomers the monomer conversion was higher than in NB1,
which enhanced the chain transfer and crosslinking events at the end of the polymerizations and
led to higher gel contents. The extent of crosslinking reactions and thus the gel content was

higher in NB2 due to the longer polymerization time.

2.3.2.2. Tensile properties

After the synthesis of the polymer dispersions, the neat latexes and the UrA-AdA latex
blend were cast into silicone molds and dried for 7 days at 23 + 2°C and 55 + 5% RH. The effect
of the H-bonds on the mechanical properties was evaluated by tensile test. The tensile test

results are shown in Figure 2.14 and Table 2.11.
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Figure 2.14. Stress-strain plots of the UrA-AdA materials prepared from runs NB1-3.
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Table 2.11. Mechanical parameters of the UrA-AdA materials related to the stress-strain plots presented in

Figure 2.14.

Young’s Yield Tensile Ultimate

Latex Material Modulus stress strength strain

E (MPa) Oy (MPa) Omax (MPa) Ymax ()
NB1 Blank 144 + 13 50+04 7.8+0.8 1.7+04
NB2 3 wt% UrA 83+14 3.3+£03 55+04 1.7+04
NB3 3 wt% AdA 155 + 46 51+0.8 7.0+1.0 15+0.2
NB2-NB3 blend UrA-AdA Blend 77 £13 3.3%0.2 52+03 1.7+£0.2

All the materials showed an ultimate strain between 1.5 and 2. The blank and 3 wt% AdA
materials had an elastic modulus near 150 MPa, a yield stress or around 5 MPa and a tensile
strength of 7 MPa, and the 3 wt% UrA and AdA-UrA blend materials showed an elastic modulus
of =80 MPa, ayield stress of 3.3 MPa and a tensile strength between 5.2 and 5.5 MPa. However,
no reinforcement coming from the uracil-adenine H-bonds was observed. In these materials, the
lack of reinforcement could be related to the low concentration of uracil and adenine groups in
the films (=1 mol%). In addition, the considerable differences in the gel contents and molar
masses of the polymers may hide any effect of H-bonds. More importantly, similar to the
pyrrolidone-hydroxyl system, the strength of the linkage might still be low to efficiently crosslink
the polymer chains and reinforce the films. Thus, in order to gain information about the
contribution of the analyzed H-bonds to the mechanical strength of the films, the ability of these
relatively weak H-bonds to crosslink the polymer chains in copolymer systems was analyzed in

Section 2.3.3.
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2.3.3. Rheological behavior of functional low molar mass polymers

The ability of the pyrrolidone-hydroxyl and uracil-adenine H-bonds to physically crosslink
low molar mass polymer chains was investigated to evaluate the contribution of these
interactions into the mechanical strength of the polymer films and understand the behavior of the
systems presented in Sections 2.3.1 and 2.3.2. First, low molar mass copolymers with the
functional groups were prepared by high temperature solution polymerization. Then, the
rheological response of the materials was analyzed to understand the influence of the H-bonds
in each system. The molecular weights of the polymers employed for the analysis were below
the critical entanglement molecular weight (Mcmva= 10 000 g mol)?2 to eliminate the effect of
entanglements and isolate the effect of the H-bonds on the rheological response of the

polymers.23.24

2.3.3.1. High temperature solution polymerizations

High temperature semibatch solution polymerizations were conducted to synthesize
functional acrylic polymers with molecular weights below the critical entanglement molecular
weight. First, copolymers with pyrrolidone and hydroxyl groups were prepared in m-xylene
copolymerizing 20 wt% NVP (SP2) or HEMA (SP3) with MMA/BA. One copolymer with both
functionalities was prepared in SP4 adding 10 wt% NVP and 10 wt% HEMA to the synthesis.
Copolymers with uracil and adenine groups were prepared adding 20 wt% uracil acrylate (UrA,
SP5) and 20 wt% AdA (SP7) to the copolymerization of MMA/BA in DMF. The blank copolymers
without H-bonding groups were also produced in SP1 (in m-xylene) and SP5 (in DMF) to serve
as reference. The global monomer conversions in SP1-4 and SP5-7 are shown Figures 2.15.A
and 2.15.B, respectively. The theoretical global conversion for an instantaneous monomer

conversion of 100% is plotted in Figure 2.15 for comparison. In addition, the final overall
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monomer conversion, the final conversion of the functional monomer(s) and the molecular weight

distribution results are presented in Table 2.12.
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Figure 2.15. Overall monomer conversion time evolution in the high temperature solution polymerizations

carried out in (A) m-xylene in SP1-4 and (B) DMF in SP5-7.
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Table 2.12. Monomer conversion and SEC results of the copolymers produced in SP1-7. *The monomer
conversion given for UrA and AdA corresponds to the conversion of acrylates (BA + nucleobase containing
monomers) due to the similarity of the signals in the *H-NMR spectrum. N is the number average of functional

groups per chain calculated according to Equation 2.1.

Xuovera Xem. M M

Copolymer M(Y%) ” ("F/oh; (g m?)l'l) (g mV(\JII'l) N
SP1 - Blank 93.4 - 2400 6800 2.9 0
SP2 — 20 wt% NVP 94.7 NVP 87.5 3300 7400 2.2 5.5
SP3 - 20 wt% HEMA 94.0 HEMA 97.2 2400 7600 3.2 3.8
SP4 — 10 wt% NVP + 93.0 NVP 92.3 2400 7100 2.9 4.0
10 wt% HEMA HEMA 94.8
SP5 - Blank 90.2 - 5500 9500 1.7 0
SP6 — 20 wt% UrA 94.9 UrA* 93.5 4000 8200 2.0 25
SP7 — 20 wt% AdA 93.3 AdA* 91.7 3800 7400 1.9 2.2

Figure 2.15 shows that for SP1-4, the monomer conversion and the polymerization rate
were low in the first 40 minutes of reaction due to the low monomer concentration in the system.
Then, as the amount of monomer fed to the reactor increased, the polymerization rate increased
and the global monomer conversion increased with time reaching values higher than 93 % at the
end of the reactions. Figure 2.15.B shows that in SP5-7 the global monomer conversion
increased linearly and reaching final values higher than 90% at the end of the process. In all the
reactions, the conversion of the functional monomers at the end of the polymerizations was
higher than 87.5% (Table 2.12), which ensured a high incorporation of the functional groups into

the copolymers.

After the synthesis, the molecular weight of the copolymers was measured by SEC in
THF. In addition, the average number of functional groups per polymer chain (N) was calculated

using the Equation 2.1, where Mn is the number average molar mass of the polymer, we.m. is the
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weight fraction of the functional monomer in the formulation, Xr.m. is the conversion of the

functional monomer and MWE.wm. is the molar mass of the functional monomer.

N = Mn*Wr M *XF.M.

Equation 2.1
MWEM.

The polymers synthesized in m-xylene (SP1-4) presented a weight average molecular
weight (Mw) of around 7000 g mol! and the polymers prepared in DMF (SP5-7) had slightly
higher Mw-s in the range of 7400 and 9500 g mol. In both cases, the Mw was below the critical
entanglement molecular weight (Mcmma = 10 000 g mol1)?? as targeted. The absence of
entanglements between the polymer chains ensures that the changes in the mobility of the
polymer chains will exclusively be caused by the H-bonds. In addition, from the molecular weight
and monomer conversion results it was estimated that there was an average of 5 pyrrolidone
groups per chain in SP2, 4 hydroxyl groups per chain in SP3 and 4 pyrrolidone+hydroxyl groups
in SP4. For the copolymers produced in DMF in SP6 and SP7, there was an average of 2.5 uracil
and 2.2 adenine groups per chain. In all the copolymers, the functionality of the polymer chains

was higher than 2 allowing potential formation of a physically crosslinked 3D polymer network.

2.3.3.2. Rheological behavior

The linear viscoelastic behavior of the low molar mass copolymers was analyzed by
conducting frequency sweep tests at constant temperatures and applying a strain of 1 %. The
frequency mastercurves obtained for the SP1-4 copolymers with different pyrrolidone and
hydroxyl contents are presented in Figure 2.16 and the frequency mastercurves obtained for the

SP5-7 copolymers with uracil and adenine groups are shown in Figure 2.17.
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Figure 2.16. Frequency mastercurves of the copolymers with different pyrrolidone and/or hydroxyl contents:
(A) blank (SP1), (B) 20 wt% NVP (SP2), (C) 20 wt% HEMA (SP3), (D) 20 wt% NVP (SP2) — 20 wt% HEMA
(SP3) blend and (E) 10 wt% NVP + 10 wt% HEMA (SP4). The storage modulus (G’) is represented with

closed symbols and the loss modulus (G”) with open symbols.
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Figure 2.17. Frequency mastercurves of the copolymers with different uracil and adenine contents: (A) blank
(SP5), (B) 20 wt% UrA (SP6), (C) 20 wt% AdA (SP7) and (D) 20 wt% UrA (SP6) — 20 wt% AdA (SP7) blend.

The storage modulus (G’) is represented with closed symbols and the loss modulus (G”) with open symbols.

Analysis of Figures 2.16 and 2.17 shows that all the polymer and polymer blends showed
a liquid-like behavior (G’ > G’) at low frequencies and solid-like behavior (G’ > G”) at high
frequencies. The transition between these two regions, namely the G’ — G” crossover, was very
similar in the materials provided with and without H-bonds. The results suggested that the
pyrrolidone-hydroxyl and uracil-adenine physical interactions did not efficiently crosslink the
polymer chains and impact the rheology of the polymer blends. In the next section we will
therefore consider theoretically the expected rheological behavior of polymers containing
associative hydrogen bonding groups in relation to the results shown in this chapter and the

implications for the design of H-bond reinforced films from latex systems.
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2.3.4. Fundamental considerations for physically crosslinked waterborne

polymer dispersions

Taking the elastic modulus as a primary measure of the influence of the hydrogen bonding

on the rheological properties of the material we can characterize a physically bonded system

with respect to conventional linear and chemically crosslinked systems (see Figure 2.18).

Storage modulus G’

Figure 2.18. Storage modulus (G’) behavior for linear, covalently crosslinked and physically crosslinked
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polymers. Reproduced and modified with permission from Royal Society of Chemistry.?

For an entangled, linear polymer the frequency dependent modulus takes a characteristic

form with a plateau modulus that is determined by the molecular weight between entanglements,

Me, such that
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The reptation of the entangled chains leads to a terminal relaxation time given by

To M3 .
Trep = ‘;w—e Equation 2.3

where M is the number average molecular weight, Me is the average molecular weight
between entanglements and To is the monomer relaxation time.?® In chemically crosslinked

systems the plateau modulus is increased due to the crosslink points that are established to give

a plateau modulus given by
G = pRT(l/Me + 1/Mc) Equation 2.4

The crosslinking points prevent chain diffusion and therefore the terminal relaxation time
present in linear systems disappears. In terms of mechanical properties both the increase in
modulus and the absence of relaxation results in improved performance. In a physically
crosslinked system, the sticky reptation theory also predicts an increased plateau modulus at

times shorter than the timescale on which the hydrogen bonds are dissociated with a value of?%
" 1 1 i
G' = pRT( /Me + /Ms) Equation 2.5

Where Ms is the molecular weight between hydrogen bonding groups. For a frequency of
;1 (the inverse of the lifetime of the H-bond) the hydrogen bonds break and only the
entanglements contribute to the value of G’. Furthermore, the terminal relaxation time is
increased relative to the linear case to give a relaxation time given by?>

Ts M3

M2 Equation 2.6

TRep,Ass —
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Where s is the lifetime of the hydrogen bond. Thus, in the case of hydrogen bond

modified polymer networks, the rheological behavior is dependent on the molecular weight

between associative groups and the lifetime of the hydrogen bond.

The average molecular weight between associative groups depends on molar content of
the associative groups in the polymer chains but can also be understood as a function of
hydrogen bond strength. As explained in the introduction chapter, a hydrogen bond is the
electrostatic attraction between an electron-rich electronegative atom (H-bond acceptor) and an
electron-deficient proton (H-bond donor).?”28 Here we consider only isolated bonds but it should
be noted that single H-bonds can cooperatively participate in integrated structures leading to
complexes with higher binding strengths. Overall, the formation of a H-bond can be expressed
as the interaction between group “A” and group “B” to give complex “C” as shown in Scheme

2.2.

A+B —= C
Scheme 2.2. Hydrogen bond association equilibrium.

The concentration of “A”, “B” and “C” species in equilibrium is given by the association
constant (Ka) of the complex as expressed in Equation 2.7.
K, = L Equation 2.7
[A][B]
For the case the initial concentration of “A” and “B” groups is equal ([Alo = [B]o), and
defining [A] as [A]o— [C], the expression of Ka can be rewritten as in Equation 2.8.

[c]

K = ——"—
@ ([Alo-[CD?

Equation 2.8
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Then, Equation 2.8 can be solved for [C] as shown in Equation 2.9. Note that the positive

solution of the equation is not considered because [C] cannot exceed [A]o.

[c] = 2Kg[Alo+1—+/4K4[Alo+1

Equation 2.9
2Kq

Therefore, Equation 2.8 can be used to estimate the concentration of crosslinks in a
polymer system. In addition, a more intuitive and practical way to evaluate and compare
crosslinking efficiency of H-bonds is the bonding %, which is defined as the percentage of bonded
“C” groups with respect to the initial concentration of “A” groups ([A]o) as expressed in Equation

2.10.2
Bonding% = %xmo Equation 2.10
0

The combination of Equations 2.9 and 2.10 leads to Equation 2.11 which allows the direct
calculation of the bonding % in the system for given Ka and [A]o values. The bonding % in each
system will determine the average molar mass between stickers (Ms) and thus, the rheological

behavior of physically crosslinked polymer networks.

Bonding% = % 100 = ZKalAlot1=ytKalAlot1 4 Equation 2.11
0

2Kq[Alo

The bonding % in the NVP-HEMA and UrA-AdA solution polymer blends at different
concentrations was calculated using equation 2.11 to evaluate the efficiency of crosslinking in
each system. In addition, the bonding % in homologous polymers functionalized with guanine-
cytosine (G-C) triple H-bonds and self-complementary ureidopyrimidinone (Upy-Upy) quadruple
H-bonds were calculated for discussion. The Ka and [A]o parameters used for the calculations

and the bonding % results are presented in Table 2.13. The initial molar concentration of “A” H-
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bonding groups ([Alo) was calculated considering the weight fraction of the monomers was
10/10/30/50 FMa/FMs/MMA/BA in the pyrrolidone-hydroxyl, uracil-adenine and guanine-cytosine

complementary H-bonding polymers and 20/30/50 UPy/MMA/BA in the self-associating polymer.

Table 2.13. K,, [A]o and bonding % in polymers functionalized with pyrrolidone-hydroxyl, uracil-adenine,

guanine-cytosine and Upy-Upy H-bonds.

H-bond Ka(L mol?) [Alo(mol LY) Bonding %
Pyrrolidone — hydroxyl 1 (ret17) 0.90 36.4
Uracil — adenine 100 (ref4) 0.30 83.3
Guanine — cytosine 1000 (ref4) 0.29 98.1
Upy — Upy 1000000 (¢4 0.61 99.9

Table 2.13 shows that the association constant greatly influences the bonding % and
thus, the crosslinking efficiency of a H-bonding system. Pyrrolidone — hydroxyl H-bonds have a
low Kaaround 1 M* and thus only 36.4 % of the functional groups were in the complexed state
in the SP2-SP3 blend and SP4 polymer presented in Figure 2.16. In the latex system, this value
would be substantially lower due to the lower concentrations of H-bonding units. Uracil-adenine
H-bonds have a higher association constant near 100 M-* which enhanced the bonding % in the
SP6-SP7 blend to 83.3 %. Higher Kacomplexes such as guanine-cytosine or Upy-Upy H-bonds
are expected show bonding percentages of 98.1 and 99.9 %, respectively. Thus, while the
relatively weak NVP-HEMA and uracil-adenine H-bonds utilized in this work can only lead to
partial complexation and limited crosslinking of the polymer chains, stronger complexes would

allow the complete crosslinking of the system.

The second factor that determines the crosslinking efficiency of H-bonds and their

contribution to the rheology and mechanical strength of polymers is lifetime of species “C” before
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dissociating into “A” and “B” species. This is crucial to determine whether the hydrogen bonds
that are established have any influence on the rheology of the material. This has previously been
demonstrated by Lewis and coworkers,?* who studied the rheological behavior of low molar mass
(Mw < Mc) polybutyl acrylate (PBA) chains with increasing amounts of acrylamidopyridine (AP),
acrylic acid (AA), carboxyethylacrylate (CEA) and ureidopyrimidinone (UPy). Low Ka H-bonds
such as the interactions between AP, AA or CEA units, denominated as “weak interactions”, had
complex lifetimes shorter than the experimental time scale and no significant influence of the H-
bonds on the rheological behavior of the polymers was observed, until very high amounts of
functional monomer were added (see Figure 2.19). Similar conclusions for weakly interacting H-
bond units were obtained in the work of Hawke et al*® and Shabbir et al.?! In contrast, high Ka
associates such as the H-bond between two ureidopyrimidinone units (Upy) have significantly
longer lifetimes and display a well-defined G’ plateau, even at Upy contents as low as 1 mol %
(see Figure 2.19). This result has been reproduced in a number of similar examples in the

literature that show strong H-bonds can efficiently crosslink polymer chains. -35:13.23,24,32-37

123



Chapter 2

a)

[Pa]

o

c)

& [Pal

TV STy R T R S [ N T
m ap [radfsac)

I T T T T T T T T T T

10 w' w1 10°

w @ [radisec]

b)

G' [Pa

d)

G [Pa]

w10 ¥

wmar [radisac)

w10
m ap [rad/sec)

Figure 2.19. Storage modulus mastercurves referenced to 25 °C of linear copolymers containing (a)

acrylaminopyridine (AP), (b) acrylic acid (AA), (c) carboxyethyl acrylate (CEA), and (d) UPy acrylate

monomers. The number after the functional monomer expresses the mol % of functional monomer employed

in the formulation. Reprinted with permission from American Chemical Society.?*

Based on the results in this chapter and from previous investigations of the rheological

behavior of weakly associating hydrogen bonding groups in the literature we can therefore

highlight two major stumbling blocks that can arise when using weakly associating H-bond motifs

to physically crosslink films cast from polymer latexes. The first is that the association constant
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must be sufficient to establish a high number of hydrogen bonds when present at low
concentration. The second is that the hydrogen bonds do not efficiently reinforce the mechanical
properties unless the bond lifetime is sufficiently high to restrict reptation by interchain associative
bonding. This second issue is likely important for most moderately associating H bond systems

(Ka<1000 M%) which form hydrogen bond networks but are highly dynamic.

These results also point to two alternatives to ensure that hydrogen bonds can contribute
to the improvement of mechanical properties. The first alternative, which will be the focus of
much of the remainder of this thesis, would be the use of weakly associating units at much higher
local concentrations and in blocky structures. In these circumstances, weak single H-bonds can
work cooperatively to form sticky junctions that present complex lifetimes higher than the

individual H-bonds and lead to crosslinked materials.!?

A second alternative is to use hydrogen bond motifs with higher association
constants/longer bond lifetimes. However, although crosslinking of polymer chains by strong H-
bonds has been demonstrated in solvent based systems, there are few examples where such
chemistries are implemented practically for the mechanical reinforcement of waterborne
systems.”838 |n these systems the high equilibrium constants that lead to improved mechanical
properties also result in low solubility in typical solvent systems and require cosolvent for
successful polymerization. For example, Chen and coworkers reported the emulsion
copolymerization of MMA/BA with 1.5 mol% of a Upy-containing monomer, but the synthesis
used >100% wbm of chloroform to ensure solubility of the Upy monomer.®8 In the work carried
out by Qiu et al., 1 to 5 mol% of Upy-containing monomer was incorporated to the synthesis of
acrylic polymer particles using 30 wt% of AA to solubilize the Upy monomer in the monomer
mixture.® The polymer films showed increasing Young's modulus, yield stress and tensile

strength with the Upy content. Nevertheless, the high AA content employed in the formulation
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would be expected to make these polymer films very water sensitive, limiting the practical
application of this formulation. Similarly, Karikari et al. utilized 8 wt% MAA to solubilize 2 wt% of

a Upy containing monomer to produce aqueous floor coatings with improved durability.”

In order to gauge the potential of such high H-bond strength systems, an attempt was
made to incorporate the Upy functionality to an acrylic polymer dispersion. First, a Upy monomer
containing an a-methyl styrene polymerizable group was synthesized according to the procedure

described by Karikari (chemical structure shown in Figure 2.20).”

Figure 2.20. Chemical structure of UPy functionalized a-methyl styrene monomer synthesized by Karikari et

al.”

Then, 1 wt% of the Upy monomer was solubilized in a 50/50 MMA/BA monomer mixture
using 7 wt% NVP and 1 wt% AA hydrophilic monomers in the formulation and the monomer
mixture was polymerized by seeded semibatch emulsion polymerization according to the
procedure of Haddock et al.'® Stable latexes were achieved but no influence of the quadruple H-
bonds was observed in the tensile test of the films cast from the latex with 1 wt% Upy shown in
Figure 2.21, very likely due to the low concentration of UPy groups in the polymer matrix (= 0.3
mol%). Increasing the Upy monomer content in the formulation requires higher AA and NVP
concentrations which, as in previous examples, would compromise the water sensitivity of the

films.
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Figure 2.21. Stress—strain plots of the PMMA/BA films functionalized with 0 and 1 wt% (= 0.3 mol%) Upy

monomer.
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2.4. Conclusions

In this chapter, the possibility of using pyrrolidone — hydroxyl and uracil — adenine H-
bonds to physically crosslink the polymer chains and mechanically reinforce the polymer films

from waterborne dispersions was investigated.

First, functional polymer dispersions with pyrrolidone, hydroxyl, uracil or adenine H-
bonding groups were synthesized by emulsion polymerization. Polymer dispersions with
complementary H-bonding groups were combined and the dispersions were cast and dried to
obtain polymer films provided with pyrrolidone — hydroxyl and uracil — adenine H-bonds. All the
materials cast from the functional dispersions and blends showed very similar mechanical
behavior, and no influence of the H-bonds on the mechanical properties of the films was
observed. In the pyrrolidone — hydroxyl materials, the lack of reinforcement was ascribed to the
low binding energy and association constant (Ka = 1 M) of the interaction which limits the
number of hydrogen bonds formed in the films. The uracil — adenine interaction has a higher
binding strength which allows the buildup of physical networks. In this case, the lack of
reinforcement was attributed to the low concentration of the H-bonds (= 1 mol%) coupled with
the short lifetime of the hydrogen bond, thus preventing their effective reinforcement of the
mechanical properties. It can be concluded that for the mechanical reinforcement of the polymer
films, it is necessary to use H-bonding motifs with stronger interactions such as cytosine-guanine
or Upy-Upy. Nevertheless, the low solubility of such groups in water, common organic solvents
and monomer mixtures limits the practical implementation of these systems. The other
alternative is to employ weakly associating units at much higher local concentrations and in
blocky structures. In these circumstances, weak single H-bonds can work cooperatively to form
sticky junctions that present complex lifetimes higher than the individual H-bonds and may lead

to crosslinked materials with greater mechanical resistance.
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Chapter 3. H-bonding complexation of polyvinyl
alcohol (PVOH) stabilized polymer dispersions

and water-soluble species

3.1. Introduction

In Chapter 2, the use of polymer dispersions with complementary H-bonding groups did
not lead to polymer films with improved mechanical properties. In this chapter, a new strategy is
adopted that involves using a latex with a H-bonding group attached to the surface, with the
complementary group present in the aqueous phase. It is proposed that during the drying of the
dispersions, the functional groups will interact at the surface of the polymer particles, leading to
H-bonded particle interfaces. Specifically, polyvinyl alcohol (PVOH) stabilized polymer particles
are used as functional dispersions and polyvinyl pyrrolidone (PVP), tannic acid (TA) and gallic
acid (GA) are used as water-soluble complementary H-bond species. The schematic
representation of the system and the chemical structures of the H-bonding molecules are shown

in Figure 3.1.
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PVOH stabilized particles
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Figure 3.1. Schematic representation of the system composed of PVOH stabilized polymer particles and

PVP, GA or TA dissolved in the aqueous phase.

PVOH is a water-soluble polymer with hydroxyl side groups that are able to act both as
H-bond donors and acceptors. The hydroxyl groups interact promoting the organization of the
polymer chains in 3D structures. As a result, commercial atactic PVOH is semicrystalline with a
crystallinity in the range of 30 — 50 %, a melting temperature (Tw) of 230 °C! and a Ty of 80 °C.2
It is worth highlighting that the melting temperature of PVOH is higher than the Twm of other
commercial polymers like polyethylene (Tw = 117-135 °C)! due to the strength given to the
structure by the hydrogen bonds. PVOH is widely used in biomedical applications due to its
biocompatibility and low toxocity.3-5 In the coatings and adhesives field, PVOH is used as steric
stabilizer in the (mini)emulsion polymerization vinyl acetate (VAc),%’ VAc/VeoVa® and acrylic
monomers.%1° In the films cast from such dispersions, PVOH forms a percolating network around
the polymer particles above a critical volume fraction (between 6.5 and 8.8 volume% in the work
carried out by J. Richard)!! that greatly influences the thermomechanical properties of the

materials.11:12
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Polyvinylpyrrolidone (PVP) is a water-soluble polymer with a Tq = 187 °C3 widely used in
medical and pharmaceutical applications due to its biocompatibility!+15. PVP is also used as
stabilizer for the preparation of nanoparticles.'® The amide groups in the chemical structure of
PVP are particularly good H-bond acceptors and blends of PVP with other H-bond donor
polymers such as polyvinyl alcohol or polyacrylic acid have widely been used for the preparation
of physically crosslinked®718 or dually crosslinked (combination of covalent and non-covalent

bonds) hydrogels.3419

Tannic acid and gallic acid are natural occurring polyphenols that are employed in the
food and medical industries due to its antioxidant and astringent properties.?°-2% The high acidity
of the phenolic hydroxyl group makes them a particularly good hydrogen donor and this feature

has been exploited as non-covalent crosslinker of natural and synthetic polymers.1824-33

In this chapter, PVOH is used as steric stabilizer for the synthesis acrylic polymer particles
by miniemulsion polymerization. Aqueous solutions of PVP, TA and GA are added to the PVOH
stabilized dispersion to physically crosslink the PVOH grafts with H-bonds and enhance the
mechanical strength of the films. The hydrogen bonds between two PVOH units and between a
PVOH unit and PVP, TA or GA are shown in Figure 3.2. These H-bonds are low energy
interactions with Ka values around 1 M and short life-times similar to the pyrrolidone-hydroxyl
groups utilized in Chapter 2. Nevertheless, compared to Chapter 2, in the system presented in
this chapter the hydrogen bond density at the surface of the particles is higher due to the use of
H-bonding homopolymers their specific localization at the surface of the particles, which favors
the formation of cohesive H-bond networks. In addition, the H-bonding polymers utilized have
high Tg-s, and can act as structural reinforcing agents, potentially further enhancing the strength

of the films.
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Figure 3.2. (A) H-bond between two hydroxyl groups in PVOH, (B) a hydroxyl group in PVOH and a

pyrrolidone of PVP and (C) a hydroxyl group in PVOH and a hydroxyl group in TA or GA.

3.2. Experimental part
3.2.1. Materials

Technical grade monomers methyl methacrylate (MMA, Quimidroga) and n-butyl acrylate
(BA, Quimidroga) were used without purification. Stearyl acrylate (SA, 97%, Sigma Aldrich),
potassium persulfate (KPS, 299.0%, Sigma Aldrich), sodium bicarbonate (NaHCO3s, Sigma
Aldrich), polyvinyl pyrrolidone (PVP, 1 3000 000 g mol, Sigma Aldrich), gallic acid (GA, 297.5%,
Sigma Aldrich), tannic acid (TA, Sigma Aldrich) hydrochloric acid (HCI, 1M, Sigma Aldrich), acetic
acid (Sigma Aldrich) and anhydric acid (Sigma Aldrich) were used as received. Polyvinyl alcohol
Mowiol 4.88® (PVOH, 31 000 g mol* and 88 % degree of hydrolysis) was kindly supplied by
Wacker Chemie AG and Dowfax 2A1 was kindly supplied by Dow Chemical Company. Deionized

water was used throughout.

3.2.2. Synthesis of polymer dispersions

The synthesis of PVOH stabilized polymer dispersions was carried out by batch
miniemulsion polymerization. Two polymer dispersions were prepared using 10 % weight based

on monomers (wbm) of PVOH and varying the MMA/BA weight ratio in the formulation: 50/50
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MMA/BA was used in PVOH 1 and 40/60 MMA/BA was used in PVOH 2. In addition, the
analogous polymer dispersions were produced using 2 % wbm Dowfax 2A1 as stabilizer (50/50
MMA/BA ratio in Dowfax 1 and 40/60 MMA/BA ratio in Dowfax 2). This surfactant does not have
H-bonding groups in the structure and these dispersions were used as reference to understand
the effect of the H-bond on film properties. The formulations employed for the synthesis are
shown in Table 3.1. In the recipes, 4 % wbm SA was used as co-stabilizer, 0.1 % wbm of NaHCO3

as buffer to control the pH and 0.125 % wbm KPS as thermal initiator.

Table 3.1. Formulations employed for the synthesis of the polymer dispersions stabilized with PVOH and

Dowfax 2A1.
Latex Stabilizer MMA BA SA H.O KPS NaHCO;
()] ) @ ()] @ ()] @
PVOH 1 PVOH 12 60 60 4.8 170 0.15 0.12
PVOH 2 PVOH 12 48 72 4.8 170 0.15 0.12
Dowfax 1 Dowfax 2.4 60 60 4.8 170 0.15 0.12
Dowfax 2 Dowfax 2.4 48 72 4.8 170 0.15 0.12

First, all the ingredients except the initiator were mixed and the coarse emulsions were
sonicated using a Branson Digital Sonifier 450 with an amplitude of 80% over 20 minutes under
magnetic stirring and inside an ice bath to avoid overheating. Then, the miniemulsions were
placed in a 0.5 L glass reactor fitted with a reflux condenser, a stainless steel anchor-type stirrer,
a nitrogen inlet, a sampling tube and a thermocouple. The system was purged with N2 and heated
to 70 °C using a water-jacket controlled by an automatic control system (Camile TG, Biotage).
The polymerization was initiated with a shot of initiator dissolved in 3 g of water and the

polymerizations proceeded for 4 hours and using a stirring velocity of 250 rpm.
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3.2.3. Blending and film casting

First, PVP, TA and GA were dissolved in water (10 wt% concentration for PVP and TA
and 1 wt% for GA). Then, different amounts of the PVP aqueous solution were added to the
PVOH 1 and Dowfax 1 latexes to prepare polymer blends with 0, 2.2, 4.4 and 22 % of PVP based
on the weight of the polymer. For the preparation of PYOH — TA and PVOH — GA blends, the
required amounts of the TA and GA solutions were added to PVOH 2 and Dowfax 2 to achieve

polymer films with 0, 1, 2.5 and 5 wt% polyphenol based on the weight of the polymer.

The neat latexes and the latex blends were cast in silicone molds and dried for 7 days at
23 + 2°C and 50 = 5% of relative humidity (standard conditions). After the water immersion

experiments, the materials were dried under standard conditions for 7 days.

3.2.4. Characterization

The monomer conversion was determined gravimetrically and the particle size was
measured using Dynamic Light Scattering (DLS). The gel content of the polymers was
determined with Soxhlet extractions in THF and the molecular weight of the soluble fractions
obtained from the extractions were measured by Size Exclusion Chromatography (SEC) in THF.
The detailed description of the latex characterization methods is given in Section I.1 of Appendix
I. In PVOH 1 the vinyl alcohol units of PVOH were acetylated mixing 1 g of dried polymer with 10
mL of acetic acid, 10 mL of acetic anhydride and 1 mL of 1M HCI. After 24 hours, the polymer
was soluble in the mixture and the solvents were evaporated under vacuum.3* The Soxhlet
extraction of the acetylated PVOH 1 sample was carried out following the method described in
Section 1.1.3.1 of Appendix | but using cellulose extraction thimbles to hold the sample instead

of cellulose pads.
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The mechanical properties were measured by tensile test and the water sensitivity of the
polymer films was analyzed by immersing the films in water for 5 days. A detailed description of

the film characterization methods is given in Section 1.2 of Appendix .

3.3. Results and discussion
3.3.1. Synthesis of polymer dispersions

After the polymerizations stable latexes with solids content between 42 — 44 % were
obtained. The final monomer conversion, particle size, gel content and molecular weight of the

polymers produced in the reactions are presented in Table 3.2.

Table 3.2. Final monomer conversion, particle size, gel content and molecular weight distribution (soluble

fraction after the Soxhlet extraction) of the polymer dispersions stabilized with PVOH or Dowfax.

Latex FirE;:)XM Fi?narlnl)DS Gel ((:(;)r)\tent (kl\g\;vhii)lil) PDI
PVOH 1 >99 257 +1 65 690 1.9
PVOH 2 > 99 214 +£5 62 £ 17 1100 2.8

Dowfax 1 > 99 159+1 10 1300 2.1
Dowfax 2 96.8 2032 105 2100 2.7

Very high monomer conversions were achieved at the end of the reactions. The particle
sizes obtained for the dispersions stabilized with Dowfax were 159 and 203 nm and the particle
sizes of the PVOH-stabilized dispersions were 214 and 257 nm. As explained in Section 1.2.2 of
the introduction chapter, in a miniemulsification process the final droplet size is the result of
consecutive droplet break-up and coagulation of the droplets. If the viscosity of the medium is
low and the mechanical energy applied for the breakage of the droplets is sufficiently high, the

droplet size is determined by the surfactant available. In the miniemulsion stabilized with PVOH
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the weight % of surfactant was 5 times higher than in the reaction stabilized with Dowfax (10 %
wbm PVOH and 2 % wbm Dowfax). However, polymer-type surfactants have low
adsorption/desorption rates at oil/water interfaces3® and this limits their migration velocity to cover
the newly formed droplets before they coagulate. On the contrary, anionic surfactants like Dowfax
have very fast adsorption/desorption kinetics and they can efficiently migrate to cover the newly
generated monomer/water interfaces. As result, the polymer dispersions prepared using Dowfax

had smaller particles sizes than the PVOH-stabilized latexes.

The gel content was measured with Soxhlet extractions in THF. The polymer dispersions
stabilized with Dowfax showed a gel content around 10% and the polymers produced using
PVOH as surfactant showed high gel contents in the range of 62 — 65 %. PVOH is not soluble in
THF and the high gel contents could be ascribed to free PVOH chains and P(MMA/BA) chains
with PVOH grafts. During free radical polymerization of the acrylic monomers, a primary radical
coming from the initiator or a growing chain can abstract a hydrogen atom from the methine of
the PVOH backbone.® The resulting PVOH radical can propagate or undergo bimolecular
termination and this leads to acrylic chains grafted with PVOH, which will show very low solubility
in THF.”210.36 Tg confirm this, an acetylation process of the hydroxyl groups was carried out in
PVOH 1 in order to make the grafts THF soluble for the Soxhlet extraction. After the acetylation
process, the gel content was 4%. This difference of ~60% in the gel content shows that significant

grafting occurred.
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3.3.2. Film appearance

After the synthesis of the polymer dispersions, latexes PVOH 1 and Dowfax 1 were
combined with different amounts of an aqueous solution of PVP and latexes PVOH 2 and Dowfax
2 were blended with aqueous solutions of TA and GA to prepare materials with different PVP,

TA and GA content. The appearance of the polymer films is shown in Figure 3.3.

Figure 3.3 shows that the films prepared from the neat latexes without water-soluble H-
bond donor/acceptors were transparent and homogeneous. The addition of PVP to Dowfax 1
and PVOH 1 dispersions did not affect the physical appearance of the films. On the contrary, the
addition of the phenolic compounds to PVOH 2 and Dowfax 2 gave an orange tint to the films.
GA has a lower absorption coefficient due to its smaller molecular size,3” and therefore the films
prepared with GA were less colored. In addition, comparing the films prepared from PVOH 2 and
Dowfax 2 latexes, the PVOH 2 materials with H-bonds were more translucent. This point will be
discussed in Section 4.3.3 in Chapter 4, when the morphology of the films is analyzed. Overall,
among the materials with phenolic compounds, the PVOH 2 — GA blends showed the smallest

change in color. This point is important if these materials are to be implemented practically.
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0% PVP 2.2% PVP 4.4% PVP 22% PVP

0% 1% 2.5% 5%

Dowfax 2 - TA

Dowfax 2 - GA

PVOH 2 -TA

PVOH 2 - GA

Figure 3.3. Physical appearance of the polymer films prepared from the latex-PVP/TA/GA blends.
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3.3.3.

Tensile properties

The mechanical properties of the films were measured by tensile test. The stress-strain

plots are shown in Figure 3.4 and the values obtained from the plots are presented in Table 3.3.

A Dowfax 1 - PVP blends B PVOH 1 - PVP blends
20 - 20
15 - 15
T —0%PVP i —0%PVP
o o o
= 10 - —22%PVP s 10 —2.2%PVP
bre - —4.4%PVP
w w
¢ 5 | . 5 —22%PVP
v wy
0 : . ; : ‘ 0 . ; r r )
0 1 2 3 a 5 0 1 2 3 4 5
Strain () Strain ()
C Dowfax 2 - TA blends D PVOH 2 - TA blends
10 _10
= ©
% 8 —0%TA % 8 —0%TA
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=
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<2 —5%TA 2 —5%TA
0 — o t+—7"r-—r—T—""r
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012 3 456 7 8 910 01 2 3 4 5 6 7 8 910
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Figure 3.4. Stress—strain plots of the (A) Dowfax 1 — PVP, (B) PVOH 1 — PVP, (C) Dowfax 2 — TA, (D) PVOH

2 —-TA, (E) Dowfax 2 — GA and (F) PVOH 2 — GA blends.
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Table 3.3. Mechanical parameters of the latex — PVP / TA / GA blends related to the stress-strain plots

presented in Figure 3.4.

Young’s Yield Tensile Ultimate

Blend PVP/TA/ modulus stress strength strain

GA %

E (MPa) Oy (MPa) Omax (MPa) Ymax ()
Dowfax 1 0 96 + 25 4.26 +0.47 8.6+1.0 47405
-PVP 22 241 + 27 6.84 +0.76 102+1.1 1.9+04
0 88+ 17 6.02 +0.43 10.6 0.9 35+04
PVOH 1 22 174+ 28 8.16 + 0.59 16.9+0.2 31 +03
- PVP 4.4 204 + 28 8.68 + 0.39 171412 27 +02
22 466 + 39 1528 +1.20 18.0+2.4 17402
0 45+0.6 0.38 +0.03 36+03 8.8+ 0.4
Dowfax 2 1 504+2.0 0.36 + 0.04 59+0.2 77402
-TA 25 8.0+2.0 0.39 +0.07 6.4+0.2 58+0.2
5 145+53 0.59 + 0.02 63+0.3 6.1+1.2
0 11.4+18 0.91 + 0.06 73+13 62+1.0
PVOH 2 1 237+2.4 1.05+0.05 87+07 42+01
-TA 25 325+2.4 1.39+0.08 98+06 40+24
5 80.6+ 8.9 2.62+0.14 97404 33402
0 45+0.6 0.38 +0.03 36+03 8.8+ 0.4
Dowfax 2 1 47+15 0.36 + 0.03 54+07 7.0+01
-GA 25 40+18 0.35+0.04 53+0.9 6.7+0.6
5 32+1.9 0.34 +0.04 29404 6.1+0.4
0 11.4+18 0.91 + 0.06 73+13 62+1.0
PVOH 2 1 353+2.6 1.78+0.11 10.0+0.7 36403
- GA 25 448+58 2.45+0.17 10.8+ 1.1 37+03
5 42.0+10.7 2.12+0.23 94+07 37+01
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First, comparing the materials cast from the neat latexes represented with black lines in
Figure 3.4, the films prepared from Dowfax 1 and PVOH 1 latexes have higher Young’'s moduli
than the analogous films cast from Dowfax 2 and PVOH 2 due to the higher MMA wt% used in
the synthesis of the dispersions (the weight ratio of MMA/BA in latex groups “1” and “2” was
50/50 and 40/60, respectively). Then, comparing the films with and without PVOH, the film cast
from PVOH 2 was stiffer and less flexible than the film cast from Dowfax 2 due to the
semicrystalline PVOH corona around the polymer particles. The crystalline part of PVOH
reinforced the polymer particle boundaries and, hence, the materials cast from the PVOH-
stabilized latex were stiffer. The contribution of the PVOH corona was limited in the PVOH 1 film
where the MMA/BA ratio was 50/50 and the films prepared from Dowfax 1 and PVOH 1 showed

very similar Young’s moduli.

The addition of the water-soluble H-bonding species led to a gradual increase in the
Young’s modulus (E), yield stress (oy) and tensile strength (Omax) and lower ultimate strain (Ymax)
with the PVP/TA/GA content. This was attributed to the structural reinforcement caused by the
incorporation of hard components to the polymer films. However, the reinforcement was
significantly larger for the PVOH stabilized dispersions. As an example, the addition of 5 weight
% TA to Dowfax 2 led to a x3.2 times increase in the Young’s modulus while the addition of the
same amount of TA to PVOH 2 caused a x7.1 times increase in the modulus of material. In the
PVOH-containing materials, the H-bonds between the PVOH grafts and water-soluble molecules

led to reinforced polymer patrticle interfaces.

Focusing on the effect of each water-soluble species, PVP was the least efficient at
increasing the modulus of the films and 4.4 wt% of PVP only caused a x2.3 increase in the
modulus of the PVOH — PVP blend. The phenolic compounds were more efficient stiffening the

materials and the addition of 5 wt% GA and TA increased the modulus of the PVOH-containing
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films 3.6 and 7.1 times, respectively. The differences in the reinforcing ability of GA and TA were
ascribed to the different molecular size of the phenolic compounds: TA is roughly 10 times bigger
than GA, and since it has a higher amount of hydroxyl groups per molecule (25 OH-s in TA vs 4
OH-s in GA, see Figure 3.1), it is able to form a higher number of H-bonds per molecule
increasing the strength of the interface between particles. It is worth commenting that the
behavior of the PVOH - GA blends was different to the behavior of the PVOH - TA and PVOH -
PVP blends. While the addition of PVP and TA caused a gradual stiffening of the materials with
the PVP/TA content (see Figures 3.4.B and 3.4.D), in the PVOH - GA blends (see Figure 3.4.F)
the addition of 1 wt% GA abruptly stiffened the material and then, the mechanical properties
remained nearly constant as the GA content was increased up to 5%. As a possible explanation,
the small molecular size of GA could lead to the physical crosslinking of the PVOH segments
only within the same particle and therefore would not contribute to strengthening the polymer-
polymer interface. In this scenario, the main reinforcement of the films would come from the
hardness of the PVOH phase and, therefore, the mechanical properties would be only
moderately affected by an increase in the GA content. In the case of PVP and TA, as they are
bigger molecules, the chance of physical bonding between PVOH grafted to different particles is
higher and therefore the polymer interface is reinforced gradually with the water-soluble polymer

content.

3.3.4. Water sensitivity

After the tensile test, the water sensitivity of the films was evaluated by immersing the
films in water and measuring the water absorption and weight loss of the polymer films during
the test. The materials with PVP showed very poor water sensitivity and absorbed large amounts
of water in very short times. Table 3.4 shows that the water absorption of the Dowfax and PVOH

materials increased with the PVP content due to the hydrophilic nature of this homopolymer. In
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addition, the incorporation of PVOH to the formulation decreased the water resistance of the

materials and the PVOH-containing films showed higher absorption values than their Dowfax-

containing analogous. The poorer water resistance of the PVOH films was ascribed to the higher

concentration of surfactant in the formulation which was 5 times bigger than in the Dowfax

stabilized reaction. In addition, the PVOH corona around the polymer particles formed a

continuous hydrophilic percolating structure in the dried films that favored the penetration of

water to the films. It is worth mentioning, that after only 1 hour of immersion in water the PVOH

— 22 wt% PVP film disintegrated due to the high content of hydrophilic components in the material

and easy penetration of water through the percolating network.

Table 3.4. Water absorption wt% of the PVOH 1 — PVP and Dowfax 1 — PVP blends after 1 hour of immersion

in water.
PVP wi% Dowfax 1 — PV_P blends PVOH 1 - PVI_D blends
Water absorption (wt%) Water absorption (wt%)
0 0.7+0.3 16.6 £1.3
2.2 - 249+04
4.4 - 34.2+0.3
22 829+1.3 Disintegration

On the other hand, the materials with TA and GA showed better water resistance and the

films were self-standing even after 5 days in water. The water absorption and weight loss of the

PVOH 2 and Dowfax 2 films at different TA and GA concentrations are shown in Figure 3.5.A

and 3.5.B, respectively.
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A Water uptake
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B PVOH-TA
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Figure 3.5. (A) Water uptake and (B) weight loss of the latex — TA / GA blends after 5 days of immersion in

water.

First, in agreement with the results obtained for latexes Dowfax 1 and PVOH 1, the
material cast from the neat PVOH 2 latex showed higher water absorption than the material cast
from Dowfax 2, due to the higher surfactant concentration in the formulation. The PVOH 2
material also presented higher weight loss probably as result of non-grafted PVOH chains being

dissolved into the aqueous phase.
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In the Dowfax 2 — TA and Dowfax 2 - GA blends represented with black and red patterned
bars in Figure 3.5, the water uptake and weight loss of the materials gradually increased as the
fraction of phenolic compounds increased from 0 to 2.5% due to the hydrophilic nature of these
species. When the concentration of the phenolic compounds was increased to 5% the weight
loss of the films increased significantly and the water uptake decreased slightly probably due to

the considerable amount of hydrophilic material lost from the films.

The PVOH 2 — TA and PVOH 2 — GA blends depicted with black and red full bars in Figure
3.5 also showed a gradual increase in the weight loss with the TA / GA content. However, the
weight loss was greater than in the blends prepared from Dowfax 2. In these materials, the
hydrophilic PVOH percolating structure favored the penetration of water into the films and this
enhanced the release of hydrophilic components from the films. In addition, the fraction of water
sensitive components in the PVOH-containing blends was considerably higher than in the
Dowfax blends, and therefore, the amount of material that can be easily dissolved from the films
was higher. Comparing the PVOH materials with TA or GA, the materials with TA showed higher
weight loss, which indicated a greater release of hydrophilic components to the aqueous phase
when TA was used. Regarding the water uptake of the PVOH materials, the competition between
material release and water absorption makes difficult to distinguish a clear trend on the water

uptake results.

During the immersion of the films, the hydrophilic components of the formulations
including the surfactants and the phenolic compounds desorbed from the films. In order to isolate
the release of TA and GA from the films, the concentration of the phenolic compounds in the
aqueous phase was determined after the test using UV-vis spectrometry. The wt% of TA and GA

released from the films is presented in Figure 3.6.
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TA / GA release
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Figure 3.6. TA and GA wt% released from the blends after 5 days of immersion in water.

In general, the TA / GA fraction released to the aqueous phase increased with the amount
of phenolic compound incorporated to the films. At low TA / GA contents (1 and 2.5 wt%), the
GA and TA amounts released were markedly higher in the case of PVOH very likely because the
hydrophilic path favored the release of the hydrophilic compounds. At higher TA / GA content (5
wt%), both Dowfax and PVOH-containing materials showed very high release of the phenolic
compounds, higher than 70 wt% in all the cases. Comparing the performance of the PVOH
blends, TA desorbed less than GA from the PVOH films. In contrast, the PVOH — TA films showed
higher weight losses after the immersion in water than the PVOH — GA blends. These results
may be explained based on the ability of polyphenols to link to PVOH chains depending on their
functionality. TA is a molecule nearly 10 times bigger than GA and therefore, the chance of TA
to link to PVOH chains is greater. As result of the interactions between PVOH and TA, the non-
grafted PVOH chains linked to TA were brought to the agueous phase by TA leading to high
weight loss values. In contrast, the small GA molecules had lower linking ability and were not as
efficient as TA dragging the non-grafted PVOH chains to the aqueous phase. Regarding the

release of phenolic compounds to the aqueous phase, the greater number of interactions
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between TA and the grafted PVOH chains reduced the migration of this polyphenol to the

aqueous phase.

Overall, the H-bonds between PVOH and TA / GA did not prevent the release of the

phenolic compounds from the films and this had a direct impact on the mechanical performance

of the materials after being exposed to water. Figure 3.7 shows the reinforcement given by the

phenolic compounds faded after the immersion in water, especially in the PVOH — GA blends.

Thus, while many of the PVOH systems displayed clear improvement in mechanical properties

in the virgin state, the practical use of these materials would be limited due to the water sensitivity.

A Dowfax 2 - TA blends after H,0 B PVOH 2 - TA blends after H,0
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Figure 3.7. Stress-strain plots of the (A) Dowfax 2 — TA, (B) PVOH 2 — TA, (C) Dowfax 2 — GA and (D)

PVOH 2 — GA blends after immersion in water.
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Table 3.5. Mechanical parameters of the latex — PVP / TA / GA blends related to the stress-strain plots

presented in Figure 3.7.

Young’s Yield Tensile Ultimate
Blend PVP/TA/ modulus stress strength strain
GA %
E (MPa) Oy (MPa) Omax (MPa) ¥Ymax ()
0 27+05 0.31+£0.01 4.7 +0.9 8.8+0.8
N O
% <« T 1 23+05 0.24 £0.03 40+0.6 8.6 0.7
el
§ ' i.’ 25 3.3+05 0.30 +£0.02 6.0+0.1 8.8+0.1
5 25+05 0.33+0.01 3.8+0.7 7.9+0.6
0 50+1.0 0.26 £ 0.02 8.8+0.3 5.7+0.3
@)
; < T 1 6.7+2.4 0.29 £ 0.07 9.1+0.2 49+0.2
OF
E ' i.’ 25 12.0+2.0 0.99 £ 0.07 6.4+0.2 42+0.2
5 48.0+2.0 1.93+0.09 9.2+0.1 3.9+0.1
0 27+05 0.31+0.01 4.7+09 8.8+0.8
N O
X< T 1 1.3+05 0.31+0.01 43+0.3 7.8+0.6
— w P
§ ! i.’ 25 23+05 0.33+0.02 5.1+0.6 8.7+0.5
5 20+1.0 0.34 £0.02 27+04 7.2%0.1
0 5.0+1.0 0.26 £ 0.02 8.8+0.3 5.7+0.3
@)
T 1 65%05 0.38+0.03 79201 52%0.1
9%%
a g 25 45+25 0.41 +£0.05 72+12 44+0.3
5 6.7+0.9 0.98 £ 0.66 6.5+15 3.8+0.8
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3.4. Conclusions

The combination of PVOH-stabilized latexes and water-soluble H-bonding species such
as PVP, TA or GA is an efficient and practical approach to prepare mechanically stiff polymer
films. However, the materials showed very poor water resistance due to the high fraction of
hydrophilic compounds in the formulation. When the films were exposed to water, the non-
covalent network was disrupted by the water molecules and the hydrophilic components (PVOH
free chains, PVP, TA and GA) were released to the aqueous phase. As a result, the polymer
films were not able to retain the mechanical strength after being exposed to water. Therefore,
although the H-bond density at the particle boundaries was high in these materials, the H-bonds
moieties used in this work (see Figure 3.2) were not strong enough to retain the structural
integrity of the materials in the presence of water. In this context, stronger H-bonds such as the
interaction between a highly basic pyrrolidone and the highly acidic hydroxyl from a phenolic

compound might offer better water resistance to the materials.
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Chapter 4. N-vinyl pyrrolidone (NVP) and tannic

acid complexation for coatings applications

4.1. Introduction

In Chapter 3, the addition of hard water-soluble molecules with H-bonding groups such
as polyvinyl pyrrolidone, tannic acid or gallic acid to PVOH-stabilized latexes was shown to lead
to the formation of stiff materials. However, those materials showed very poor water resistance
due to the high content of hydrophilic components in the films (= 15 weight %) and the low

strength of the H-bonds between the PVOH chains and the water-soluble species.

In this chapter, we propose a similar approach for the mechanical reinforcement of the
polymer films that uses stronger H-bonding motifs. In order to do so, a polymer dispersion
containing 5 wt % N-vinyl pyrrolidone (NVP) was combined with tannic acid dissolved in the
aqueous phase. The schematic representation of the system and the chemical structures of NVP
and TA are shown in Figure 4.1. Compared to the PVOH - TA combination, the use of the
pyrrolidone functionalized dispersion offers two main advantages. First, pyrrolidones are
particularly strong H-bond acceptors due to the basicity of the amide groups and they form very
strong complexes with TAL? (H-bond shown in Figure 4.2). Second, the hydrophilic component
is incorporated directly to the polymer particles which on one hand renders the dispersion
inherently less hydrophilic and on the other avoids the mobility of the H-bond acceptor in humid

conditions. These two features will contribute to the water resistance of the films.
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Figure 4.1. Schematic representation of the system composed of NVP functionalized polymer particles and
TA dissolved in the aqueous phase. In the scheme, the subscripts after the monomer units express the

weight % of the monomers used for the synthesis.

Figure 4.2. H-bond between a pyrrolidone and the aromatic hydroxyl group of TA.
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In this chapter, the mechanical properties of the polymer films formed from the
combination of acrylic dispersions with pyrrolidone groups and TA in the aqueous phase are
examined. The improvement in the mechanical strength of the materials is explained by exploring
the effect of TA on the internal morphology of the polymer films. Then, the water uptake and the
sensitivity of the mechanical properties to water are analyzed. The versatility of the approach for
other latexes (e.g. varying the H-bond acceptor monomer) is also studied. The effect of the
molecular weight of the H-bond donating cross-linker and nature of the hydroxyl group is
investigated by substitution of TA by gallic acid (GA, the repeat unit of TA) and polyvinyl alcohol

(PVOH). In the last part, the potential use of the system as formulated product is examined.

4.2. Experimental part
4.2.1. Materials

Technical grade monomers methyl methacrylate (MMA, Quimidroga) and n-butyl acrylate
(BA, Quimidroga) were used without purification. N-vinyl pyrrolidone (NVP, >99 %, Sigma
Aldrich), N-vinyl caprolactam (NVC, 98 %, Sigma Aldrich), acrylic acid (AA, 99 %, Sigma Aldrich),
ammonium persulfate (APS, 298 %, Sigma Aldrich), sodium bicarbonate (NaHCOs, Sigma
Aldrich), n-dodecanethiol (DSH, =297 %, Sigmal Aldrich), tannic acid (TA, Fluka), gallic acid (GA,
2 97.5 %, Sigma Aldrich) and polyvinyl alcohol Mowiol ® 4.88 (PVOH, Mw = 31 kDa and 88 %
degree of hydrolysis, kindly supplied by Wacker Chemie AG) were used as received. Dowfax
2A1 was kindly supplied by Dow Chemical Company. AA 4140, BYK 24, Kronos 2190 and

Natrosol® 250 HR were provided by BASF. Deionized water was used as polymerization media.
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4.2.2. Synthesis of polymer dispersions

The polymer dispersions were produced by seeded semibatch emulsion polymerization
according to the procedure described by Haddock et al.® The same polymerization process was
utilized in Chapter 2 for the synthesis of the polymer dispersions with pyrrolidone and hydroxyl
groups. Thus, to unambiguously identify the dispersions, the latexes prepared using the
procedure described by Haddock are numbered from 1 to 21 along the manuscript. In this
chapter, in total 8 polymer dispersions were used: Latexes 7 — 12 were synthesized in the
University of the Basque Country and Latex 13 — 14 were produced in BASF. The formulations
used for the synthesis of Latexes 7 -14 are shown in Table 4.1. No functional monomer was
incorporated in Latexes 7 and 13 to be used as reference and 5 % weight based on monomers
(wbm) of N-vinyl pyrrolidone (NVP) was used in Latexes 8, 10, 11 and 14. First, the effect of
lowering the pyrrolidone content from 5 wt % to 2 wt % was investigated comparing Latexes 9
and 8. The effect of the presence of AA (often used in latexes for coatings) and the absence of
CTA was studied in Latexes 10 and 11, respectively. Finally, the possibility of using N-vinyl
caprolactam (NVC) as alternative H-bond acceptor monomer was checked in Latex 12.
Comparing their chemical structures (Figure 4.3), they contain cyclic amides but the ring has 5

members in the case of NVP and 7 members in NVC.
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Table 4.1. Formulations employed for the synthesis of the functional latexes according to the procedure

proposed by Haddock.® *The latexes synthesized in BASF are marked with an asterisk (*).

F.M. MMA BA AA DSH H,0 Dowfax APS NaHCO;
() (@ @ @ (@ ) (@) (@) (@)
o Seed . 10 0 - - 160 4.28 0.267 1
=
su F1 - - - - - 373 238 1333 -
5%
F2 . 90 90 - 018 - - - -
- Seed | NVP1 9 10 - - 160 4.28 0.267 1
>
3z F1 - - - - - 373 238 1333 -
iE
F2 NVP 9 81 90 - 018 - - - -
oa Seed | NVP 0.4 9.6 0 - - 160 4.28 0.267 1
>
3z F1 - - - - - 373 238 1333 -
5%
F2 | NVP36 864 90 -  0.18 - - - -
° Seed | NVP1 9 10 - - 160 4.28 0.267 1
— % :((
525 F1 . . ; . y 37.3 2.38 1.333 -
TS
-0 F2 NVP 9 79 9 2 018 - - - -
. Seed | NVP1 9 0 - - 160 4.28 0.267 1
h % |<£
520 F1 - . - . . 37.3 2.38 1.333 -
T o
S B =) NVP 9 8L 90 - - - - - -
N O Seed | NvVC1 9 0 - - 160 4.28 0.267 1
-
>
5z F1 ; ; . . . 37.3 2.38 1.333 -
&S
—® F2 NVC 9 81 90 - 018 - - - -
5 Seed ; 20 20 - - 320 8.6 0.56 2
- =
XU F1 . - ; - - 74 4.8 2.7 -
L
m (=)
a°e F2 - 180 180 -  0.36 - - - -
L0 Seed | NVP2 18 20 - - 320 8.6 0.56 2
35
% Z F1 . - ; . - 74 4.8 2.7 -
2
m o
a° F2 NVP18 162 180 -  0.36 - - - -
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Figure 4.3. Chemical structures of NVP and NVC.

Similar to Chapter 2, the reactions were carried out in glass reactors fitted with a reflux
condenser, a nitrogen inlet, a sampling tube, a thermocouple, and a stainless steel anchor-type
stirrer. The reactor temperature was controlled by an automatic control system (Camile TG,
Biotage). First, a seed of 11% solids content containing 10% of the total monomers was produced
in situ for 30 min in batch, and then the rest of the monomers and an aqueous solution of the
initiator (APS) and the emulsifier (Dowfax 2A1) were fed for 3 h in two independent streams.
DSH was fed together with the monomers with a concentration of 0.1% wbm in order to suppress
the gel content of the latexes and remove from considering the influence of this parameter on
the results. At the end of the feeding, the reaction temperature was held for an additional 30 min
to ensure monomer consumption. The reactions were carried out under nitrogen atmosphere at

70 °C and 200 rpm.
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4.2.3. Blending and film casting

Different amounts of a 10% tannic acid water solution were added to the latexes and the
blends were stirred for 30 min before film casting. The TA contents were: 0%, 0.5%, 1% 2.5%,
5%, 25% and 50% based on polymer. Similarly, the gallic acid (GA) blends with 0.5%, 2.5% and
5% of GA were prepared adding different amounts of 1% gallic acid aqueous solutions to the
latexes. The polymer blends using polyvinyl alcohol as physical crosslinker were prepared using
the same hydroxyl concentration as in the TA blends in order to figure out the influence of the

hydroxyl nature (aliphatic in PVOH and aromatic in TA).

The latexes or the latex blends were cast in silicone molds and they were dried for 7 days
at 23 + 2°C and 50 + 5% of relative humidity (standard conditions). After the water immersion

experiments, the materials were dried under standard conditions for 7 days.

In order to prepare the polymer films cast from solution, the materials with different TA %
cast from dispersion were redissolved in THF, cast in silicone molds and dried for 5 days at

standard conditions and 2 days at 60°C.

4.2.4. Formulation of white paints

Standard white paints were prepared using as binders the polymer dispersions with 0 and
5 wt% NVP synthesized in BASF (Latexes 13 and 14). First, a white paste based on titanium
dioxide (TiO2) was prepared using the formulation shown in Table 4.2. The components of the
formulation were added to the mixture following the order employed in Table 4.2, from the top to
the bottom of the list. First, the first three components of the paste were weighed and stirred for
20 minutes. Then, the pH of the dispersion was increased to 9.5 using a 10 wt% aqueous solution

of NaOH and after, the last two components were added under stirring. 24 hours after of the
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preparation of the white paste, 20 g of the latex - TA blends were added to 40 g of the white
paste under stirring. The mixtures were stirred for additional 10 minutes at 1000 rpm and stored
overnight. In total, 5 paints were prepared using the following latex - TA blends as binders: Blank
— 0%TA, 5%NVP — 0%TA, 5%NVP — 1%TA, 5%NVP — 2.5%TA and 5 %NVP —5%TA. The paints

are named according to the latex - TA blend used as binder.

Table 4.2. Formulation of the TiO,-based paste employed for the preparation of white paints.

Component Function Concentration Weight %
H,0 Dispersing medium 38.7
AA 4140 Dispersant 0.3 wt % in H,0 0.24
Kronos 2190 TiO,, pigment 35.0
BYK 24 Surfactant 0.37
Natrosol® 250 HR Cellulose, thickener 3wt % in H,0 25.6

4.2.5. Characterization

The monomer conversion was determined by gravimetry. In Latexes 7 — 12, the particle
size was measured by Dynamic Light Scattering (DLS) and the gel content was determined using
Soxhlet extractions in THF. In Latexes 13 — 14 produced in BASF, the particle size was measured
using Hydrodynamic Capillary Chromatography (HDC) and the gel content was defined as the
insoluble polymer fraction in methyl ethyl ketone (MEK). The molecular weight distribution of the
polymers was determined with Size Exclusion Chromatography in THF in all cases. The detailed
description of the latex characterization methods and experimental conditions is given in Section
1.1 of Appendix I. In addition, in Latex 8 the individual monomer conversions were measured by
gas chromatography (GC). The column employed for the separation was a BP21 (FFAP) (from

SGE analytical science) of 25 m, an inner diameter of 0.53 mm, and a film thickness of 0.5 pm.
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The mechanical properties of the films were measured by tensile test. The glass transition
temperatures of the polymer and polymer blends were determined by differential scanning
calorimetry (DSC). The internal morphology of the films was investigated by transmission
electron microscopy (TEM). The films were stained with RuOa4 to increase the contrast of the
aromatic-rich areas, namely, the TA-rich zones. The water sensitivity of the polymer films was
assessed by immersing the polymer films in water for 7 days and measuring water uptake, weight
loss and release of tannic acid to the aqueous phase. The mechanical properties of the films
after extensive exposure to water were also determined by tensile test. Detailed information

these characterization methods is given in Section 1.2 of Appendix .

The formation of H-bonds between pyrrolidone and TA was analyzed by Fourier transform
infrared spectroscopy with a Nicolet 6700 spectrophotometer equipped with a single reflection
ATR system (Specac Golden Gate). Dynamic mechanical analysis (DMA) measurements were
carried out in a Triton 2000 DMA (Triton Technology) equipped with a liquid nitrogen cooling
system. The measurements were performed in tension mode at 1 % deformation and a single
frequency of 1 Hz. The samples were cooled down to = =50 °C and heated with a rate of 4 °C
min~! until = 100 °C. The linear viscoelastic behavior of the low molar mass copolymer-TA blends
was analyzed by conducting frequency sweep tests (0.1 — 100 Hz) at constant temperature and
applying a strain of 0.1 %. The Lab values of the surface of the white paints were determined

with a X-RITE Ci64 spectrophotometer.

167



Chapter 4

4.3. Results and discussion

4.3.1. Synthesis of polymer dispersions

Stable latexes of approximately 50 wt % solids content were obtained from runs Latex 7

— Latex 14. The monomer conversion and particle size time evolution during the synthesis of the

dispersions are shown in Figures 4.4.A and 4.4.B, respectively. In addition, the final monomer

conversion and particle size, gel content and molecular weight of the polymers are presented in

Table 4.3.
A Monomer conversion in L7 - L14 B Particle size time evolution in L7 - L14
100 - i;. . !E e 140 - . 3 2 .
g0 4 X ¥ -1 120 A i,-—-'f"“’." ¥
3 ¢ ~A-19 || =100 - 2§ B A L9
< 60 - N ~+-110 || E g | ’,.'-.rg + 110
N ~x-l11 || = p X L1
5 40 1 .| S0 7%E . L12
T
x 40 4 o 113
20 - o113
20 1 "
0 T T T T ) 0 - . . 1 . — Theor.
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Time (min) Time (min)

Figure 4.4. (A) Instantaneous monomer conversion and (B) particle size time evolution during the synthesis

of Latex 7-14. The theoretical growth of a 55 nm seed assuming there is no secondary nucleation during the

semibatch stage is shown for comparison.
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Table 4.3. Main characteristics of the polymer dispersions produced in Latex 7 - 14. Latexes 13 and 14
marked with (*) were synthesized in BASF. Data determined by 2gravimetry, °DLS, °HDC, 9Soxhlet

extractions in THF, ®insoluble polymer fraction in MEK and 'SEC in THF.

Latex Description Fi“(f;o;(Ma dpz(,;erfsb’c dngigsb’c Gel C%Q)t)entd'e (kglj\;lrvrv:ol)
L7 Blank - 0% F.M. 95.2 54 + 1P 110 £ 1° <1d 684
L8 5% NVP 97.0 53+ 1P 137+ 20 <1d 744
L9 2% NVP 98.8 59 + 1° 119 £ 2° <1d 524
L10 5% NVP + 1% AA 95.9 54 + 1° 129 + 1° 2.6 £0.59 502
L11 5% NVP —no CTA 97.8 63 +1° 139+ 1P 32.9+1.7¢ 324
L12 5% NVC 97.3 54 + 1° 120 = 1° <1d 446

L13* Blank - 0% F.M. 97.4 48 +13° 111 £17° <1® 606

L14* 5% NVP 96.7 42 +17° 121+ 20° <1e 635

Similar to Chapter 2, high instantaneous monomer conversions (Xwm,nst > 80%) were
obtained during the reactions. At the end of the reaction, the monomer conversions were higher
than 95 % in all the cases, suggesting at least the partial incorporation of the functional
monomers to the acrylic particles. Nevertheless, due to the large disparity in reactivity ratios
between (meth)acrylates and NVP (rwma = 1.69 and rnve = 0.03% rea = 0.80 and rvve = 0.025),
gas chromatography measurements were performed on Latex 8 in order to confirm the
incorporation of NVP. Figure 4.5 shows that after 30 minutes of reaction, when the seed was
formed, the conversion of NVP was slightly lower that the conversions of the other two monomers
due to its lower reactivity and the batch process used in this initial stage. However, this was
overcome during the semibatch process where all the monomers showed very high
instantaneous conversions. In addition, the total monomer conversion was nearly 100 % at the

end of the reaction. With these results it was concluded that the NVP did not accumulate along

169



Chapter 4

the reaction and that it was successfully incorporated to the polymer particles. Similarly, since
NVP and NVC have the same polymerizable bond, it was assumed that NVC was also

satisfactorily incorporated to the polymer particles.

Individual monomer conversionsin L8
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Figure 4.5. Individual monomer conversions measured by gas chromatography in Latex 8.

Regarding the particle size, it can be seen in Figure 4.4.B that the seeds formed after 30
minutes of batch polymerization had sizes between 42 and 63 nm. Then, during the semibatch
stage the particles grew achieving final particles sizes between 110 and 137 nm. Table 4.3 shows
that the gel content was suppressed in all the latexes with the incorporation of 0.1% wbm of n-
dodecanethiol to the formulation. The polymers prepared with CTA presented weight average
molecular weights in the range of 450 - 750 kg/mol. On the other hand, the polymer prepared in
Latex 11 without CTA presented 33% of gel and the lowest Mw, which is a consequence of the

incorporation of the high-molecular-weight chains into the gel.
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4.3.2. Tensile properties

In order to investigate the effect of the hydrogen bond interaction between the pyrrolidone
and TA in the system, films were cast from the 0 and 5 % NVP latexes (L7 and L8) with different
TA contents. The mechanical performance of the materials was evaluated by tensile testing. The
stress—strain plots obtained for the reference material (L7) and for the latex functionalized with
5% of pyrrolidone (L8) are presented in Figures 4.6.A and 4.6.B, respectively. The mechanical
parameters obtained from the curves shown in Figure 4.6 are summarized in Table 4.4. To give
an estimate of the molar ratios in these experiments, a latex with 5 wt % NVP and 2.5 wt % TA
corresponds to a molar ratio of NVP/TA = 31 and a molar ratio of H-bond acceptor(amide)/H-

bond donor(hydroxyl) = 1.2.

A 20 Blank(L7) - TA blends B 5%NVP(L8) - TA blends
20
= 15 —0%TA =15 —0%TA
— 0,
= 0.5%TA | | & —0.5%TA
210 —2.5%TA | |10 o wTA
w )
g SHTA | (& _ —5%TA
& —25%TA | | &
0 A T T T T V 0 - v T T T 1
Strain () Strain ()

Figure 4.6. Stress—strain plots obtained from tensile measurements of the materials prepared from the (A)
reference latex (L7) without the pyrrolidone and (B) latex containing 5% of NVP (L8). The 25% TA sample is

not shown because it was too brittle to carry out the measurement.
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Table 4.4. Mechanical parameters of the Blank (L7) - TA and 5% NVP (L8) - TA blends related to the stress

—strain plots represented in Figure 4.6.

Young’s Yield Tensile Ultimate
Latex TA % modulus stress strength strain
E (MPa) Oy (MPa) Omax (MPa) Ymax ()
0 84 1+ 22 23+04 11.6 £0.6 3.71£0.1
- 0.5 86 + 19 22+05 11.1+0.8 3.7+0.1
x
E 2 2.5 104 £+ 33 2.8+04 13.1+0.7 35+0.2
@S
5 125+ 24 3.3+£0.1 12.7+1.3 3.1+£0.2
25 299 + 48 106 +1.0 18.8+2.1 22+0.3
0 78+7 25+0.1 9.8+0.3 3.9+0.1
L& 05 76 + 14 27+04 10.2+0.1 3.3+0.4
23
53 25 129 + 18 51+03 12.7+13 27402
5 225+ 14 84+0.7 13.2+1.6 1.8+04

Figure 4.6 and Table 4.4 show that for the blank latex, at low tannic acid contents (up to
5%) there was little change in the mechanical properties with increasing tannic acid content.
Nevertheless, it was possible to discern that increasing the tannic acid content, the materials
showed slightly higher Young’s moduli and yield stress and lower ultimate strain. When the tannic
acid content was increased to 25%, an abrupt change in the mechanical behavior was observed,

as the material became substantially stiffer and brittle.

On the other hand, in the NVP - tannic acid blends (Latex 8 - TA), the mechanical
properties were efficiently modified with the tannic acid content even at low tannic acid fractions.
As in the blank latex, the addition of tannic acid led to the formation of stiffer (higher Young’s

modulus and yield stress) and less flexible materials. Comparison of Figures 4.6.A and 4.6.B
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clearly indicates that the effect of the addition of TA was considerably greater when NVP was
present. This is perhaps most notable in the increase of the yield strength of the NVP materials
with added tannic acid. Similar behavior was observed in Chapter 3 where the addition of PVP,
TA or GA to PVOH-stabilized latexes led to the formation of stiffer materials. The modification in
the mechanical properties reported in Chapter 3 and in this chapter through a non-covalent
network is similar to the systems that employ chemical crosslinking.6'* The addition of water-
soluble H-bonding species (TA in this case) led to a loss in extensibility, but in coatings
applications, the loss in extensibility does not necessarily affect the final performance of the
materials, since they will not suffer high deformations under normal conditions. Instead, the most
significant effect on mechanical properties relates to increased stiffness as this determines the

hardness of the coating.

4.3.3. Film morphology

In order to explain these drastic differences in mechanical properties with addition of
tannic acid for the two latexes, the morphology of the films was investigated by transmission
electron microscopy. The films were stained with ruthenium tetroxide, which complexes with the
aromatic rings. Therefore, the darker regions observed correspond to tannic acid rich areas. The

images obtained for the blank (L7) - TA blends are shown in Figure 4.7.

The image of the initial P(MMA/BA) film without tannic acid is shown in Figure 4.7.A. As
expected, due to the absence of tannic acid it was homogeneous, without darker zones. When
5 wt% of tannic acid was added (Figure 4.7.B) some dark isolated aggregates were observed
which corresponded to tannic acid. Analyzing the TEM images and the tensile test results
simultaneously for this sample, it can be seen that the material became slightly stiffer due to the

presence of TA aggregates dispersed in the polymer matrix. When the TA content was increased
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to 25 %, Figures 4.7.C and 4.7.D show that the tannic acid formed a honeycomb structure. The
size of each cell was of around 120 nm which was in agreement with the DLS particle size results,
indicating that each cell corresponded to an individual polymer particle. These kinds of materials,
also known as cellular solids, present superior mechanical properties such as stiffness and
tensile strength and are used in a variety of applications: from sandwich panels for the building
sector to aerospace components.'? The formation of the honeycomb structure in the film cast
from the blank latex and 25 % of TA had a great effect on the mechanical properties where an

abrupt change was observed as seen in Figure 4.6.A.
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Latex 7 — 0 %TA

4 500 nm

Latex 7 -5 %TA

—

500 nm

Latex 7 — 25 %TA x9600 Latex 7 — 25 %TA x19000

Figure 4.7. TEM images of the blank latex (L7) - TA blends without the pyrrolidone and with different TA
contents: A) Pure P(MMA/BA) without tannic acid, B) 5 wt% TA C) 25 wt% TA at x9600 amplification and D)

25 wit% TA at x19000 amplification.
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Moving to the images of the pyrrolidone containing blends shown in Figure 4.8, the
honeycomb microstructure was detected from very low tannic acid contents. Even at 0.5 % TA
(Figure 4.8.A) it was possible to visualize the honeycomb microstructure. These results were in
agreement with the tensile test results, in which the mechanical properties were efficiently
modified with small tannic acid contents. This early formation of the honeycomb allows for the
stiffening of the materials from very low TA contents. Comparison with the results obtained with
the blank latex shows that the presence of hydrogen accepting groups in the latex particles bound
the tannic acid to the surface of the particles during film formation and therefore led to the
honeycomb structure. Translating these findings to the tensile properties of the PVOH — PVP /
TA / GA blends discussed in Chapter 3 (see Figure 3.4), the efficient stiffening observed for the
PVOH materials very likely arose from the better distribution of PVP, TA and GA around the

polymer particles thanks to the H-bonds between PVOH and the water-soluble species.
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—

Latex 8 - 0.5 %TA

Latex 8 — 5 %TA x9600 Latex 8 — 5 %TA x19000

Figure 4.8. TEM images of the Latex 8 - TA blends with 5 wt% of NVP and different TA ratios: A) 0.5 wt%

TA, B)5 wt% TA at x9600 of magnification and C) 5 wt% TA at x19000 of magnification.

The differences in microstructure of the films between the blank and 5% NVP latexes can
also be seen in the optical properties of the materials as shown in Figure 4.9. In the case of the
blank latexes, the tannic acid aggregates in the film led to increased light scattering and
increased the opacity of the films, while the honeycomb structure given by the NVP-containing

latexes gives significantly less scattering and more translucent films were obtained. A similar
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behavior was observed in Chapter 3, where the H-bonded PVOH — TA / GA blends were more

translucent than the reference Dowfax — TA / GA materials. The transparency of the PVOH — TA

/ GA films suggests that in presence of H-bonds the polyphenols arranged around the PVOH-

stabilized polymer particles forming a honeycomb microstructure and this explains the efficient

stiffening observed for these materials.

In addition, similar to the PVOH — TA blends, the addition of tannic acid altered the color

of the blank and 5% NVP materials, showing increasing orange tint with the tannic acid content.

This fact would prevent the use of these materials as clear coats in many applications, but should

not impede their application as binders in pigmented coatings or wood coatings since tannins

are the main components responsible for the color of the wood.

Blank
(Latex 7)

5% NVP
(Latex 8)

0%TA 0.5%TA 2.5%TA 5%TA 25%TA

POLYMAT

_pPOLY
LYMAT 'ﬁ C!"
YMAT POL

PDLYMAT PDLYMA

PDLYMAT

&

Figure 4.9. Appearance of the films with different tannic acid content: First line, materials prepared with the

blank latex (L7) which were used as reference; and second line, materials prepared with the NVP latex (L8),

which had the pyrrolidone functional groups.
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4.3.4. Dynamic mechanical properties

The dynamic mechanical properties of the materials were also measured by Dynamic
Mechanical Thermal Analysis (DMTA). The tand temperature sweep results obtained for the
blank (L7) - TA blends and the 5% NVP (L8) - TA blends are presented in Figures 4.10.A and

4.10.B, respectively.

i’-’\2 . Blank(L7)- TAblends B2 . 5%NVP (L8) - TA blends
o 0%TA e 0%TA
L0S%TA || T + 0.5%TA
« 2.5%TA | | 10 4 * 2.5%TA
= 5%TA a = 5%TA
0.5 1 .
0.0 -+
-50.0 0.0 50.0 100.0 -50.0 0.0 50.0 100.0
Temperature (2C) Temperature (2C)

Figure 4.10. DMTA measurements of A) Latex 7 - TA and B) Latex 8 - TA blends.

For blank - TA blends, the addition of tannic acid did not have any significant influence on
the glass transition temperature (Tg), which was around 40 °C for all tannic acid contents. It is
worth highlighting that 40 °C is a very high Tg for a 50/50 P(MMA/BA) copolymer (theoretical Tq
=10 °C). The Tg measured with DSC was 19 °C (Figure 4.11), which was closer to the theoretical
value. For the blank materials, the reason for the limited influence of TA on the T4 was that the
tannic acid formed aggregates and therefore the interaction between the polymer in the particles
and the tannic acid was limited. However, in the materials functionalized with pyrrolidones, two
different transitions were observed. The starting 5% NVP — 0 wt% TA material presented a single
Tg but this peak was split in two when the tannic acid was added. In addition, the distance
between the two maxima of the peaks increased with the tannic acid content. It is thought that

this shift is a result of the restricted motion of the polymer chains bound to the tannic acid
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(showing a shift towards higher Tg) while the mobility of the chains of the interior part of the
particles would remain the same. In order to understand this hypothesis, it is convenient to think
about the distribution of the pyrrolidone functional groups within the polymer particles. As they
are hydrophilic, they will tend to go to the surface of the particles that are in contact with water.
As a consequence, two different populations of polymer chains can be defined: P(MMA/BA)
chains basically devoid of pyrrolidone in the interior part of the particles and pyrrolidone rich
polymer chains in the exterior part. The polymer chains richer in NVP will present slightly higher
Ty as the PVP homopolymer has a Ty of 187 °C*2 and therefore the T4 peak at 0 wt% TA was

broader for the latex with pyrrolidone (Latex 8).

When the tannic acid is added to the system, the pyrrolidone moieties that are mainly
located in the outside part of the particles interact via H-bonding with the hydroxyl groups of the
tannic acid and therefore the movement of the polymer chains that are next to the TA is restricted.
Hence, when the TA is added, the Ty of the polymer chains with NVP is shifted to higher
temperatures whilst the non-interacting P(MMA/BA) chains remain at the same Tg4. This behavior
was not observed in the reference materials where the polymer chains were not able to interact
via H-bonding. These results can be considered as proof of the formation of hydrogen bonding
interactions which modify the mobility of the polymer chains and the mechanical dynamic

behavior of the materials.

These results were corroborated by Differential Scanning Calorimetry (DSC). The
thermograms of the blends prepared from Latex 7 (blank) and Latex 8 (5% NVP) with 5 wt% TA
are shown in Figure 4.11. In agreement with the DMTA results, the blank - TA materials only
showed one Tg at 19 °C whilst the 5% NVP - TA materials showed two: the first one at 9 °C and

the second one at 52 °C. The appearance of the high T4 chain population was attributed to the
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mobility constraints produced by the hydrogen bonds between the pyrrolidone and the hydroxyl

groups.
Differential Scanning Calorimetry
2.5 -
—— 2 .
E —Blank (L7) -
'; 1.5 - S5%TA
2 . ——5%NVP (L8) -
= 1 5% TA
T 05 - —TA
0 1 1 1 1
-50 0 50 100 150
Temperature (2C)

Figure 4.11. Thermograms of the blends prepared from Latex 7 (blank) and Latex 8 (5% NVP) with 5% TA.

4.3.5. Fourier Transform Infrared Spectroscopy (FTIR)

In order to further confirm that the hydrogen bonds were responsible for the formation of
the microstructure, the films were analyzed by FTIR. The absorption spectra of the reference and
pyrrolidone containing materials are shown in Figure 4.12. The TA concentration increases
upwards, as the broad signal of the hydroxyl groups of tannic acid at around 3400 cm! increases.
The results obtained for the 25 wt% TA and 50 wt% TA blends are included Figure 4.12 in order

to emphasize the chemical shifts related to the H-bond interactions.
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Figure 4.12. FTIR of the blank - TA blends without pyrrolidone are shown in parts A and B and results of the
5% NVP - TA blends are shown in parts C and D. Parts A and C show the whole FTIR spectrum and parts

B and D display the carbonyl region.

In both sets of materials the spectra obtained were very similar. Only a small difference
was detected in the carbonyl region (1500-1800 cm™, see Figures 4.12.B and 4.12.D). Starting
from the carbonyl region of the blank latex (L7), the big peak at 1720 cm™ corresponded to the
acrylic and methacrylic carbonyls of the copolymer. However, the pyrrolidone containing polymer
(L8) showed two peaks: A big peak at 1720 cm* (acrylic and methacrylic carbonyls) and a small
peak at 1690 cm* which corresponded to the amide carbonyl of the pyrrolidone. In addition, in

the pyrrolidone containing materials, the formation of a new small peak was observed at 1660
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cm* at high TA contents (marked with a green rectangle in Figure 4.12.D). This peak was not
detected in the reference blends, and therefore, it could correspond the complexed amide
carbonyl peak which was shifted to lower wavenumbers. This shift is in good agreement with
previous FTIR studies of the interaction between phenols and pyrrolidone as recently reported
by Nam et al, where the addition of TA to polyvinyl pyrrolidone (PVP) shifted the PVP carbonyl

absorption peak 29 units downfield, from 1661 cm to 1632 cm™?

4.3.6. Influence of microstructuring

In order to investigate the influence of film nanostructuring on the mechanical
performance of the materials, the polymer - tannic acid blends were dissolved in THF and the
films were cast from solution. The TEM images of the Blank (L7) — 5 %TA and 5%NVP (L8) — 5
%TA materials cast from solution are shown in Figure 4.13. In both cases the films cast from
solution did not show the honeycomb microstructure but contained aggregates of tannic acid in
the polymer matrix. However, in the pyrrolidone containing material the aggregates observed
were smaller and they were homogeneously dispersed in the polymer matrix. This could be

attributed to the formation of H-bonds between the pyrrolidone and tannic acid.
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500 nm

Blank (L7) - 5 %TA 5% NVP (L8) — 5 %TA

Figure 4.13. TEM images of the materials with 5% TA cast from solutions in THF: A) Blank (L7) — 5 %TA

and B) 5% NVP (L8) — 5 %TA .

The mechanical properties of the films cast from solution were also measured by tensile
test. The stress-strain plots of Blank - TA and 5% NVP - TA blends cast from solution are
presented in Figure 4.14 and the mechanical parameters obtained from the curves are

summarized in Table 4.5.
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Figure 4.14. Mechanical properties of the materials cast from solutions in THF: A) Blank (L7) - TA blends

and B) 5% NVP (L8) - TA blends.

Table 4.5. Mechanical parameters related to the stress-strain plots represented in Figure 4.14.

Young’s Yield Tensile Ultimate
Latex TA % modulus stress strength strain

E (MPa) Oy (MPa) Omax (MPa) VYmax ()

0 52 +29 1.8+0.18 74+17 42+0.6

x = 05 56 + 35 1.12 £0.10 81+1.7 43+0.1
S 8

g 25 8538 1.74£0.12 9.1£06 3.9:04

5 103 +8 2.02 £0.09 10.1+ 1.6 42+07

0 15+8 0.60 +0.16 6.8+1.4 45+0.3

L& 05 31+10 0.66 +0.10 9.1+16 48+0.1
23

53 2.5 47 +17 0.95+0.11 10.4+0.7 45+0.3

5 64 +13 1.42 +0.04 10.40+ 1.3 36+04

First of all, it is important to clarify that even in the case where no tannic acid was added,

some plasticizing effect of THF traces could be observed and therefore the results obtained from

solution and dispersion cannot be directly compared. As in the case of the materials cast from

dispersion, the materials showed an increase in the Young’s modulus, yield stress and tensile

strength and a decrease in the elongation at break with the tannic acid content. In addition, the
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incorporation of NVP to the materials resulted in a greater improvement of the mechanical
properties. However, unlike the case of the materials cast from dispersion the absence of the
honeycomb structure meant that the improvement in mechanical properties, and in particular the
stiffness of the material, was not as noticeable. This highlights the importance of the film
microstructure. First, the hard TA honeycomb provided structural reinforcement to the polymer
films. In addition, the arrangement of TA around the pyrrolidone-rich polymer particles led to a
high density of H-bonds at the particle interfaces which further enhanced the mechanical strength

of the materials.

4.3.7. Water sensitivity

One important aspect in the practical use of polymer films cast from waterborne
dispersions is the sensitivity to water. In previous works, including the PVOH — PVP / TA /| GA
blends presented in Chapter 3, this has been one of the major issues in films which are held
together by hydrogen bonds due to disruption of the network and loss of the mechanical integrity
by small amounts of water.'* Therefore, in order to investigate this, the films were immersed in
water for 7 days and the water absorption and weight loss of the films was determined. The water

uptake and weight loss results are presented in Figures 4.15.A and 4.15.B.
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Figure 4.15. (A) Water uptake and (B) weight loss of the films after one week of immersion in water.

In general, the pyrrolidone containing samples absorbed more water than the reference
ones as NVP is a hydrophilic monomer. However, unlike the PVOH-containing materials studied
in Chapter 3, the values of water uptake were comparable to conventional latex films. This
improvement in the water sensitivity could be due to a decrease of the water-sensitive species
from 10 wt% PVOH to 5 wt% NVP and the incorporation of the NVP into a hydrophobic copolymer

system. The blank (L7) — 25 wt% TA material showed a negative water uptake value very likely
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due to the release of water-soluble species during the water uptake. To confirm this, the films
were dried and weighed in order to determine the weight loss of the films after the immersion in
water. The weight loss results presented in Figure 4.15.B show that the blank — 25 wt% TA film
disintegrated during the test. In addition, while the weight loss of the 5% NVP materials remained
nearly constant, the weight loss in the blank materials increased gradually with the TA content.
This suggested that the component that was being leached out was the tannic acid. To confirm
this, the amount of tannic acid released during the water uptake was determined by UV-vis

spectroscopy.

100 - TA release after 1 week

80 A
m Blank (L7)
W 5%NVP (L8)

TA wt% released
B
o

0 05 1 25 5 25
TA wt% in the film

Figure 4.16. Fraction of tannic acid released from the films during the water uptake measurements.

Looking at Figure 4.16, it can be noticed that in all the proportions, the tannic acid leached
out of the film to a lesser extent in the pyrrolidone containing materials due to the H-bonding
interactions. At tannic acid concentrations up to 5 %, almost no tannic acid was released from
the pyrrolidone containing materials while more than 10 % of the tannic acid was released in the
reference materials. In order to check the ability of the pyrrolidone groups to retain higher

concentrations of tannic acid in the film, a blend of 5% NVP (L8) with 25 wt% TA was prepared
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and the tannic acid released from its film measured. Figure 4.16 shows that the fraction of TA
released substantially increased. This is perhaps to be expected as in the case of the pyrrolidone
containing latex at 25 wt% TA the molar ratio of NVP/TA = 3 and the ratio amide/phenol = 0.1.
This means that there are likely to be at any given time a fraction of tannic acid molecules that

do not have any H-bonding interactions with vinyl pyrrolidone.

In the case of the reference material, for which there are limited interactions with the
polymer at all concentrations, the abrupt increase in dissolution of the tannic acid may be a result
of the formation of the honeycomb structure at tannic acid contents equal or higher than 25 wt%
(see Figure 4.6.D). Thus, while at lower tannic acid concentration the tannic acid is in isolated
pockets and dissolution requires transport through the acrylic film, at higher tannic acid
concentration the formation of the honeycomb structure created a connected pathway for the
entrance of water and dissolution of TA, provoking the observed weight loss and partial

disintegration of the films.

Although water uptake gives an idea of water sensitivity, in materials held together by H-
bonds, one critical aspect is how the mechanical properties are affected following contact with
water. This is obvious from the results in Chapter 3 where the improvement of mechanical
properties was completely removed following extensive contact with water. In order to explore
this for the PVP — tannic acid system, the tensile properties of the films were tested before and
after being immersed in water. The tensile test results are presented in Figure 4.17 and Table

4.6.
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Figure 4.17. Tensile test results of: A) Blank (L7) - TA blends prior to immersion in water, B) Blank (L7) - TA
after immersion in water, C) 5% NVP (L8) - TA blends before immersion in water and D) 5% NVP (L8) - TA

after immersion in water.
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Table 4.6. Mechanical parameters of the Blank (L7) - TA and 5 wt% NVP (L8) - TA blends related to the

stress-strain plots represented in Figure 4.17 before and after immersion in water. 2Only one measurement

recorded.
Young’s Yield Tensile Ultimate
Latex TA % modulus stress strength strain
E (MPa) Oy (MPa) Omax (MPa) Ymax ()
0 84+ 22 2.3+0.4 11.6+0.6 3.7+0.1
% " 05 86 + 19 22405 111406 3.7+0.1
T X
29 2.5 104 + 33 2.8+0.4 13.1+0.7 35+0.2
N~ W
c m
s 5 125+ 24 3.3+0.1 12.7+1.3 3.1+0.2
m
25 299 + 48 106+1.0 188+2.1 22+0.3
0 116 + 42 2.8+0.8 13.8+1.1 36+0.1
> 0.5 88+5 24+03 13.7+0.6 4002
Sl
2 25 100 + 16 2.8+0.3 151+1.1 3.9+0.2
é <
s 5 95+ 11 2.7+0.2 16.8+ 1.5 3.9+0.3
m
25 170+ 11 32+0.1 152+1.1 3.6+0.2
= 0 78+7 25+0.1 9.8+0.2 3.9+0.1
3
B 0.5 76+ 14 27+04 10.2+0.1 3.3+0.4
=2
> 25 129+ 18 5.1+0.3 127£13 2.7+0.2
2 5 225+ 14 8.4+0.7 132416 1.8+0.4
= 0 98+ 6 33+0.1 124+19 3.8+0.7
x
(0]
® 0.52 74 3.0 12.2 35
—
g
> < 2.5 138 + 18 54+0.6 135+0.2 2.8+0.1
<
) 5 169 + 37 71+15 11.6+45 1.6+0.5
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In the case of the reference materials, it can be observed that all the improvements of
mechanical properties by the presence of tannic acid were drastically reduced following
immersion in water and all samples showed similar mechanical behavior (Figure 4.17.B). This
observation is expected based on the loss of tannic acid as observed in Figure 4.16 which results
in the disintegration of the honeycomb structure. On the other hand, in the case of the pyrrolidone
containing blends, the mechanical properties were maintained after the immersion in water due
to the retention in the system of the tannic acid by the strong hydrogen bonds. In order to confirm
the structural differences between the reference and the pyrrolidone containing films, TEM
images were obtained following immersion in water (see Figure 4.18). In agreement with the
water uptake results and the tensile testing shown above, in the reference sample, immersion in
water leads to dissolution of a substantial part of the tannic acid and loss of the honeycomb
microstructure in the case of high TA content. On the contrary, the sample containing N-vinyl

pyrrolidone showed similar structure before and after immersion in water.

Compared to the PVOH — TA / GA system discussed in Chapter 3, the pyrrolidone —
phenol H-bonds were stronger than the PVOH — phenol H-bonds. In consequence, when the
PVOH film were put in contact with water the disruption of the non-covalent network led to the
partial disintegration of the polymer films. In addition, in Chapter 3 the release of non-grafted
PVOH chains enhanced the decomposition of the films. On the contrary, the strong pyrrolidone
— TA H-bonds endured in contact with water and this allowed the retention of the morphology

and mechanical properties of the films.
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Figure 4.18. TEM images before and after water immersion of the films: A) Blank (L7) - 25 wt% TA before

water immersion, B) Blank (L7) - 25 wt% TA after water immersion, C) 5% NVP (L8) - 5 wt% TA before water

immersion and D) ) 5% NVP (L8) - 5 wt% TA after water immersion.
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4.3.8. Investigation of industrially interesting variables

Having demonstrated the possibility of a hydrogen bond induced structuring and stiffening
of acrylic polymer films, the versatility of the approach for other latexes was studied. First, the
effect of lowering the concentration of NVP from 5 to 2 wt% was investigated using Latex 9.
Then, the effect of the presence of acrylic acid (often used in latexes for coatings) and the
absence of CTA was studied in Latexes 10 and 11, respectively. Finally, the possibility of using
a different hydrogen acceptor was checked in Latex 12. The tensile measurements of the films
cast from blends of these latexes and varying amounts of tannic acid are presented in Figure
4.19 and Table 4.7. First it was confirmed using Latex 9 that even at lower pyrrolidone
concentrations, a similar stiffening effect could be observed, although to a reduced extent.
Second, it was shown that in the presence of acrylic acid (Latex 10), a commonly used
comonomer in emulsion polymerization, and in the absence of any CTA such that high molecular
weight polymers are obtained (Latex 11), the addition of tannic acid also had a reinforcing effect
on the mechanical behavior of the film. In addition, it was shown using Latex 12 that the stiffening
effect through hydrogen bonding also applied to alternative amide monomers as demonstrated

by the use of N-vinyl caprolactam (NVC).
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Figure 4.19. Tensile test results of: A) Latex 7 - TA blends without pyrrolidone used as reference, B) Latex
8 — TA blends with 5 %NVP and CTA, C) Latex 9 - TA blends with 2 %NVP, D) Latex 10 - TA blends
incorporating 5 %NVP and 1 %AA, E) Latex 11 — TA blends with 5 %NVP but without CTA and F) Latex 12

— TA using 5 %NVC.
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Table 4.7. Mechanical parameters related to the stress-strain plots represented in Figure 4.19.

Young’s Yield Tensile Ultimate

Latex TA % modulus stress strength strain

E (MPa) Oy (MPa) Omax (MPa) Ymax ()
0 84 + 22 2.3+04 11.6 £ 0.6 3.7x0.1
0.5 86 +19 2.2+05 11.1+£0.8 3.7x0.1
~ M~

E g 2.5 104 + 33 2.8+04 13.1+£0.7 3.5+0.2

o

-
5 125+ 24 3.3+0.1 12.7+1.3 3.1+£0.2
25 299 + 48 10.6 £ 1.0 18.8+2.1 22+0.3
0 78+7 25+0.1 9.8+0.2 3.9+0.1

% 2 0.5 76 £ 14 2.7+0.4 10.2+0.1 3.3+x04

Z o

§ 3 2.5 129 + 18 51+£0.3 12.7+1.3 2.7+£0.2

5 225+ 14 8.4+0.7 13.2+1.6 1.8+0.4
0 30+3 0.8+0.1 8.0+0.2 56+0.1

% o

Zz g 0.5 26 + 10 09+0.1 7.4+0.3 55+05

X

-

o 2.5 54 +14 1.7+0.2 11.0+2.6 4.3+0.3
% S 0 64 +6 1.9+0.1 11.6 £ 0.7 44+0.1
Z % 3 0.5 109 + 27 3.1+0.9 145+14 4.1+0.6
St
0 - 2.5 130+ 75 39+22 159+3.2 3.8+0.6

\ - 0 130 £ 16 3.4+04 155+0.3 39+0.1
g
z % > 0.5 137 £ 11 3.7+0.2 16.1£0.9 3.6+0.1
Sew
0 - 2.5 228 + 53 7.4+0.8 185+1.0 2.8+0.1

O 0 65+ 12 2.1+0.2 13.2+0.4 41+0.1

> —

zZ3 0.5 86 + 19 2.4+0.6 149+05 40+0.1

S ®

- 2.5 150 + 30 4.7+09 17.9+17 33+03
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In addition to these experiments varying the latex and the H-bond acceptor, the influence
of the molecular weight and nature of the H-bond donor used as physical crosslinker was studied
employing different crosslinkers and maintaining constant the hydroxyl concentration. Gallic acid
(the repeat unit of tannic acid) was selected to analyze the effect of the molecular size of the
crosslinker (see Figure 4.20.A, and Table 4.8). Whilst being chemically similar, gallic acid
contains 3 phenolic OH groups per molecule as opposed to 25 in tannic acid. Starting from the
5% NVP (L8) - GA blends, as in the case of tannic acid (Figure 4.6.A for the 5% NVP (L8) — TA
blends), the materials became stiffer and less flexible with the increasing fraction of crosslinker.
However, from the comparison of the materials with the same crosslinker amount, it was
observed that the gallic acid was less efficient modifying the mechanical properties. This is
because the reduction in the number of OH groups per molecule reduces the probability of linking
two different polymer particles and therefore reinforcing the materials. A second effect may be
related to the stiffness of the percolating, polyphenol rich network. As tannic acid has a larger
number of hydrogen bonding groups per molecule we expect the stiffness of the honeycomb to
also be higher in the case of tannic acid. Polyvinyl alcohol (PVOH) was employed to evaluate
the influence of the acidity of the hydroxyl group and therefore the strength of the H-bond. The
aromatic hydroxyl groups are more acidic; hence, they are able to form stronger H-bonds. From
the results shown in Figure 4.20.B and Table 4.8, it was observed that, in contrast to tannic acid,
the addition of PVOH did not lead to the formation of stiffer films. The Young’s moduli of the
materials only increased slightly with the PVOH content but the mechanical properties were not
significantly modified. Therefore, it was concluded that the acidity of the phenolic hydroxyls plays
a key role when forming H-bonds with the pyrrolidone groups and promoting the formation of the

reinforcing honeycomb microstructures.
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Figure 4.20. Mechanical behavior of the pyrrolidone functionalized materials physically crosslinked with H-

bond donors: A) 5 %NVP (L8) - GA blends and B) 5 %NVP (L8) - PVOH blends.

Table 4.8. Mechanical parameters of the 5% NVP (L8) - GA and 5% NVP (L8) - PVOH blends related to the

stress-strain plots represented in Figure 4.20 used to analyze the influence of the physical crosslinker.

Young’s Yield Tensile Ultimate
Latex CL % modulus stress strength strain

E (MPa) Oy (MPa) Omax (MPa) Ymax ()
. 0 231 1.2+0.1 10.1 £ 0.6 44+0.2
§/< 0.5 43+6 19+0.1 10.0+0.5 43+04
% © 2.5 87 £ 17 26+0.2 11.9+0.5 41+0.2
% 25 154 + 44 3.9+0.9 12.7+0.4 3.7+£0.2
R 0 231 1.2+0.1 10.1+0.6 44+0.2
%g 0.5 32+6 1.4+0.1 89+1.0 44+0.1
% E 2.5 407 1.7+0.1 87+1.0 3.9+0.2
% 5 47+ 8 20+0.1 109+04 41+0.3
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4.3.9. Application tests

The applicability of the NVP-TA system for coating applications (white paints) was
investigated during the internship in BASF. The first objective was to examine if the reinforcement
provided by TA was still functional in the presence of further formulation components. The
second objective was to analyze if the color given to the films by TA was still visible in the

presence of TiO2 white pigment.

First, polymer dispersions with 0 and 5% NVP were prepared following procedure of
Haddock et al. (Latex 13 and 14 in Table 4.1). Then, the latexes were combined with different
amounts of TA to prepare five latex — TA blends: Blank (L13) — 0 wt% TA, 5 %NVP (L14) - 0
wt% TA, 5 %NVP (L14) — 1 wt% TA, 5 %NVP (L14) - 2.5 wt% TA and 5 %NVP (L14) — 5 wt%
TA. These blends were used as binders and were combined with a white paste containing TiOz,
Natrosol (thickener) and surfactants to prepare the paints. As result, stable white paints were
obtained for all blends with < 1 wt% TA. On the contrary, the paints with 2.5 and 5 wt% TA
collapsed and big aggregates were visible. To identify the formulation component responsible
for the instability of the paints, TA was independently blended with the latexes, TiOz and Natrosol
thickener in water. The latex — TA blends were stable and no changes in solids content or
viscosity were detected after 1 week at 60 °C. In contrast, the addition of TA to TiOz and Natrosol
led to the immediate formation of insoluble aggregates as a result of the strong H-bond
interactions between the components. These strong interactions caused the instability of the

paints and imply a great challenge for the preparation of formulated products with tannic acid.

Finally, relatively stable paints with 2.5 and 5 wt% TA were achieved removing Natrosol
from the formulation. These two paints still contained small aggregates but were stable enough

to cast a film. The final color of the films was quantitatively compared using the Lab values. “Lab”
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is a color space that expresses color as three values: “L” expresses the lightness from 0 to 100,
“a” is relative to the green—-red opponent colors and “b” represents the blue-yellow opponents.
“a” and “b” values can range from -127 to 128 being more positive numbers stronger in the red
and yellow components. The appearance of the white coats and their corresponding Lab values

are shown in Figure 4.21.

L a b
Lightness Red/green Yellow/blue

Blank 97.7 -0.84 1.92
5%NVP 97.7 -0.95 1.89
5%NVP + 1%TA 88.5 0.72 10.70
5%NVP + 2.5%TA 88.9 0.67 10.60
5%NVP + 5%TA 87.0 1.02 12.19

Figure 4.21. Physical appearance and Lab values of the white paints prepared from the NVP - TA system.

First, from the comparison of the paints prepared from the Blank and 5% NVP latexes
with O wt% TA, it was concluded that the addition of pyrrolidone moieties to the dispersion does
not affect the color of the paint since the blank and 5% NVP products showed very similar Lab
values. Second, the addition of tannic acid gave an orange tint to the paints even in the presence

of the TiO2 pigment. This coloration was manifested in the Lab values with a decrease in the
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lightness (“L”), slight increase in the redness (“a” value) and a considerable increase in the

yellowness (“b” value) with the tannic acid content.

Besides the application of the NVP - TA system as white paints, the tannin blocking ability
of the latex with 5% NVP was tested. The strong H-bonds between pyrrolidone and TA prevented
the migration of TA from the films to the aqueous phase during the immersion in water and in
this part of the work, the ability of these strong H-bonds to prevent the free migration of the
tannins from the wood was investigated. The tannin blocking ability of the blank (L13) and 5%
NVP (L14) was tested as non-formulated primer but no contribution coming from the pyrrolidone

H-bond acceptors was observed.
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4.4. Conclusions

In conclusion, it has been demonstrated that the addition of a water-soluble polyphenol
compound, tannic acid, to a waterborne acrylic latex containing hydrogen bond accepting group
leads to materials with improved Young’s modulus and yield strength. The reinforcement was
attributed to the formation of a honeycomb microstructure which was promoted by the hydrogen
bonding interactions between pyrrolidone groups in the polymer backbone and phenolic OH
groups in the tannic acid. While water uptake was similar to the blank, leaching of TA from the
films was almost completely prevented by the H-bond network and therefore led to retention of
mechanical performance even after extensive water exposure. The stiffening mechanism was
applied to a variety of latexes (with different molecular weight polymers, variable H-bond acceptor
monomer content, including AA in the formulation or employing NVC as alternative H-bond
acceptor) proving the versatility of the approach. The nature and molecular size of the crosslinker
were shown to directly influence the final performance of the materials: less acidic OH groups
(PVOH) were not able to form strong interactions and reinforce the materials, and smaller
molecular size phenolic compounds (GA) were less efficient stiffening the materials. The
presented amide - TA H-bonding complexation offers a practical route to hard acrylic films cast
from aqueous dispersions. However, when used as formulated product the strong interactions
between TA and the main coating components led to unstable products, which makes the use of

TA in formulated products challenging.
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Chapter 5. N-vinyl pyrrolidone (NVP) and tannic
acid complexation for Pressure Sensitive
Adhesives (PSAS)

5.1. Introduction

Pressure sensitive adhesives (PSAs) are soft, viscoelastic materials that adhere to a
substrate upon application of light pressure.'=3 In any given PSA, the adhesive performance is
dependent on a delicate balance of the rheological properties of the polymer, which necessitates
the fine tuning of the polymer structure.*® On the one hand, the polymer should display some
“liquid-like” viscoelastic behavior; this leads to the requirement that the elastic modulus should
be fairly low (Dahlquist criterion: G'<0.1 MPa)® and there should be a significant contribution of
the viscous component. Liquid-like behavior ensures good contact with the substrate and
promotes the formation and growth of fibrils during debonding, which contributes to improved
tack and peel strength.”-° On the other hand, liquid-like behavior results in poor shear resistance
as well as a tendency to debond by cohesive failure of the material,’®! which is generally
undesirable. It should be noted that the failure mode is particularly dependent on the large strain
behavior of the material and therefore the adhesive behavior cannot be simply described by the
linear viscoelastic properties.’?>-%> Thus, the final behavior of a PSA is the result of a complex
tug-of-war between the viscous and elastic components and an appropriate balance is crucial

for good adhesive performance.®

Acrylic PSAs are formed from the radical (co)polymerization of low glass transition

temperature (Tg) acrylic monomers such as n-butyl acrylate (BA) and 2-ethylhexyl acrylate (2-
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EHA). The emulsion copolymerization of acrylic monomers, where water is used as
polymerization medium, has gained popularity as an environmentally friendly tool for the
production PSAs.17:18 Thanks to the versatility of the polymerization process, the performance of
the adhesives can be easily tuned during synthesis by varying the copolymer composition and
Ty of the copolymer,'®*?2 or changing the polymer architecture'?23-2° (molecular weight
distribution, crosslinking degree). However, in general it is not possible to independently control
improvements in shear resistance and peel strength and some compromise must be made. For
example, by increasing the extent of crosslinking of the polymer the cohesive strength is
improved and thus the shear resistance of the adhesive tends is increased, but this usually

comes with a concomitant decrease in the peel strength.39:31

In general, waterborne acrylic PSAs are characterized by relatively good peel strength,
but tend to suffer from poor shear resistance, especially when compared to their solvent based
counterparts. A common approach to improve the shear resistance of water-based acrylic PSAs
is through the use of composite materials®?-4° or through the use of microstructured materials
that contain a connected hard phase around the soft polymer cores.*:~** In the latter case, the
structured hard phase enhances the cohesion of the PSAs whilst the soft cores dissipate energy
and allow high peel strength. As a result, microstructured materials generally show relatively high

shear resistance while still preserving a good adhesive/cohesive balance.

The objective of this work is to explore the potential of the H-bond directed formation
approach for the preparation of microstructured films discussed in Chapter 4 to tune the adhesive
properties of water-based acrylic PSAs. In this approach, acrylic polymer particles functionalized
with pyrrolidone groups were combined with aqueous solutions of tannic acid as shown in Figure
5.1. In Chapter 4, the monomer composition used was 5/45/50 NVP/MMA/BA and led to

copolymers with a Tg = 15 °C, suitable for coatings applications. In this chapter, the MMA fraction
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was reduced to adjust the Tq of the copolymers to around -45 °C and prepare adhesive polymer
layers. During the drying of the latex — TA blends, the H-bonds between the pyrrolidone groups
on the surface of the acrylic particles and the hydroxyl groups of TA in the aqueous phase (see
Figure 5.2) would promote the organization of TA around the polymer particles leading to the
formation of microstructured materials. Physical bonding by H-bonds has previously been used
to produce supramolecular adhesives.*>5! However, in PSA systems, while the physical
crosslinking of the polymer chains led to materials with greater elastic moduli in linear rheology
experiments, the disruption of the H-bonds at large deformations tended to lead to shear-thinning
behavior, which promoted cohesive failure.5? In this chapter, we seek to avoid this issue by

combining H-bonding with structural reinforcement.
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H-bond acceptor polymer particles
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Figure 5.1. Schematic representation of the system composed of NVP functionalized polymer particles and
TA dissolved in the aqueous phase. In the scheme, the subscripts after the monomer units express the

weight % of the monomers used for the synthesis.
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Figure 5.2. H-bond between a pyrrolidone and the aromatic hydroxyl group of TA.
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5.2. Experimental part
5.2.1. Materials

Butyl acrylate (BA, technical grade, Quimidroga), N-vinyl pyrrolidone (NVP, >99 %, Sigma
Aldrich), acrylic acid (AA, 99 %, Sigma Aldrich), ammonium persulfate (APS, 298 %, Sigma
Aldrich), sodium bicarbonate (NaHCOs, Sigma Aldrich), n-dodecanethiol (DSH, =97 %, Sigma
Aldrich) and tannic acid (TA, Sigma Aldrich) was used as received. Dowfax 2A1 was kindly
supplied by Dow Chemical Company. Ureido methacrylate (UMA) and Lumiten I-SC were kindly

provided by BASF. Deionized water was used as polymerization media.

5.2.2. Synthesis of polymer dispersions

The adhesive polymer dispersions were produced by seeded semibatch emulsion
polymerization following the polymerization process described by Haddock et al.>® The
formulations used for the synthesis of the polymer dispersions are shown in Table 5.1. Latex 15
and 16 were synthesized in the University of the Basque Country (UPV/EHU) and Latexes 17 —
21 were produced in BASF during the internship. The main monomer used for the synthesis of
the PSAs was BA and 0.5 wt% AA was added to the formulations to enhance the stability and
wettability of the polymer dispersions. No functional monomer was incorporated in Latexes 15
and 17 to be used as reference, 1 and 2 % wbm N-vinyl pyrrolidone (NVP) was incorporated in
Latexes 18 and 19 and 4 % wbm NVP was used in Latexes 16 and 20. One more dispersion with
1 % wbm of ureido methacrylate (UMA) was prepared in run Latex 21 to explore the possibility
of using UMA as alternative H-bond acceptor monomer. The chemical structures of NVP and

UMA are shown in Figure 5.3.
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Table 5.1. Formulations employed for the synthesis of the functional latexes according to the procedure

proposed by Haddock et al.5® *The latexes synthesized in BASF are marked with an asterisk (*).

F.M. MMA BA AA DSH H,0 Dowfax APS NaHCOs;

(9@ (9@ @ @ (@ (@) (@ (@

Seed - - 19.8 0.2 - 160 4.28 0.267 1
o
==

X F1 - - - - - 37.3 2.38 1.333 -
B
e

F2 - - 179.2 0.8 0.18 - - - -

© Seed | NVP 0.8 - 19 0.2 - 160 4.28 0.267 1
<5

5z F1 - - - - - 37.3 2.38 1.333 -
"
<

F2 NVP 7.2 - 172 0.8 0.18 - - - -

. Seed - 1.2 382 0.2 - 320 8.6 0.56 2
~ s

x i F1 . - - - - 74 4.8 2.7 -

- F2 - 10.8 3474 1.8 0.36 - - - -

Seed | NVP 0.4 1.2 382 0.2 - 320 8.6 0.56 2

F1 - - - - - 74 4.8 2.7 -

Latex 18*
1% NVP

F2 NVP 3.6 10.8 3438 1.8 0.36 - - -

« Seed NVP 0.8 2.4 36.6 0.2 - 320 8.6 0.56 2
2g
%< F1 - - - - - 74 4.8 2.7 -
B

F2 NVP 7.2 21.6 3294 1.8 0.36 - - -
« Seed NVP 1.6 - 38.2 0.2 - 320 8.6 0.56 2
QS
5 i F1 - - - - - 74 4.8 2.7 -
8
— NVP

F2 14.4 - 343.8 1.8 0.36 - - - -
5 Seed UMA 0.4 1.2 38.2 0.2 - 320 8.6 0.56 2
QS
53 F1 - - - - - 74 4.8 2.7 -
£ 8
- —

F2 UMA 3.6 10.8 3438 1.8 0.36 - - - -
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N-vinyl pyrrolidone Ureido methacrylate
(NVP) (UMA)

Figure 5.3. Chemical structures of NVP and UMA.

The reactions were carried out in glass reactors fitted with a reflux condenser, a nitrogen
inlet, a sampling tube, a thermocouple, and a stainless steel anchor-type stirrer. The reactor
temperature was controlled by an automatic control system (Camile TG, Biotage). First, a seed
of 11% solids content containing 10% of the total monomers was produced in situ for 30 min in
batch, and then the rest of the monomers and an aqueous solution of the initiator (APS) and the
emulsifier (Dowfax 2A1) were fed for 3 h in two independent streams. 0.1 wbm% DSH was fed
together with the monomers to limit the formation of gel during the synthesis of the latexes. At
the end of the feeding, the reaction temperature was held for an additional 30 min to ensure
monomer consumption. The reactions were carried out under the nitrogen atmosphere at 70 °C

and 200 rpm.

5.2.3. Blending and film casting

For the polymer dispersions prepared in UPV/EHU, first the solids content of Latexes 15
and 16 was increased to 55 wt% by rotary evaporation to prevent dewetting during the
preparation of the adhesive film. Then, TA was dissolved in water at a concentration of 20 wt%
and different amounts of the TA aqueous solution were added to the polymer dispersions to
prepare blends with 0, 0.5, 1, 2 and 3 wt% TA based on polymer. For the probe tack

measurements, the blends were cast on glass panels using a gap applicator to obtain polymer
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films with a final thickness of around 110 uym. For the shear adhesion and 180° peel tests, the
dispersions were cast over a flame-treated polyethylene terephthalate sheet with a gap
applicator to prepare polymer films of around 60 pm. After film casting, the dispersions were
dried for 13 h at 23 + 2 °C and 50 = 5% relative humidity (standard conditions) and protected
from dust with a silicone release paper. For the tensile measurements, the right amounts of the
blends necessary to achieve final film thicknesses of 400—600 ym were cast into 1 cm x 5 cm
silicone molds and dried for 5 days at standard conditions. For the water uptake and weight loss
tests, 1 cm diameter and 1 mm thick discs were obtained after drying the blends in silicone molds

for 5 days.

Regarding the films prepared in BASF, first 0.5 wt% Lumiten [-SC based on the weight of
the latex was added to Latexes 17 — 21 under stirring to improve their wettability. After 24 hours,
a previously prepared 30 wt % tannic acid aqueous solution was added to the polymer
dispersions with Lumiten I-SC to obtain blends with 0, 1 and 3 tannic acid wt% based on polymer.
The blends were stirred at 150 rpm for 10 minutes and kept still for additional 20 minutes. Then,
the blends were cast on a HOSTAPHAN RN36 polyester substrate with a film applicator and
dried for 3 minutes at 90 °C. The thickness of the dry adhesive films was 21 — 22 g m2 (= 21 —
22 ym). Finally, the adhesive tapes were covered with a silicone based easy removable paper

for their protection and easy manipulation.

5.2.4. Characterization

The monomer conversion was determined by gravimetry. In Latexes 15 — 16, the particle
size was measured by Dynamic Light Scattering (DLS) and the gel content was determined using
Soxhlet extractions in THF. In Latexes 17 - 21 produced in BASF, the particle size was measured

using Hydrodynamic Capillary Chromatography (HDC) and the gel content was defined as the
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insoluble polymer fraction in methyl ethyl ketone (MEK). The molecular weight distribution of the
polymers was determined with Size Exclusion Chromatography in THF in all cases. The detailed
description of the latex characterization methods and experimental conditions is given in Section

1.1 of Appendix I.

The glass transition temperatures of the polymer and polymer blends were determined
by differential scanning calorimetry (DSC). The internal morphology of the films was investigated
by transmission electron microscopy (TEM). The films were stained with RuO4 to increase the
contrast of the aromatic-rich areas, namely, the TA-rich zones. The water sensitivity of the
polymer films was assessed by immersing the polymer films in water for 7 days and measuring
water uptake, weight loss and release of tannic acid to the aqueous phase. To determine the
adhesive properties in humid conditions the films were immersed in water for 60 minutes before
the probe tack test. Detailed information these characterization methods is given in Section 1.2

of Appendix .

The probe tack, 180° peel tests and tensile tests performed in UPV/EHU were carried out
in a TA.HD.plus Texture Analyser (Stable Micro Systems, UK) at 23 + 2 °C and 50 * 5% relative
humidity. The probe tack tests were carried out employing a 1” stainless steel spherical probe.
The ball was brought in contact with the adhesive layer and a compressive force of 4.5 N was
applied for 1 s. The probe was then retracted from the adhesive at a crosshead speed of 0.055
mm/s. This corresponds to a nominal strain rate of ~0.5 s which is roughly comparable to the
strain rate used in the peel test.>* The dimensionless strain was defined as the displacement
divided by initial thickness of the film (100 pm) and the debonding stress was given by the
measured force divided by the probe-adhesive contact area. In order to check the reproducibility
of the results, each material was tested at least 10 times and the probe tack results given in

Table 5.3 are the average values of all the measurements. For the determination of adhesive
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properties in humid conditions, the samples were immersed in water for 60 minutes, and they
were wiped out with a paper cloth right before the probe tack test. For more details on the probe
tack measurement the reader is directed to refs.®5> The 180° peel tests were performed on
stainless steel substrates according to ASTM D3330. PSA tapes of 25 mm width were attached
to the stainless steel substrate and pressed four times with a 2 kg rubber-coated roller. The PSA
tape end unattached to the substrate was held to the upper grip of the tensile machine and the
tape was peeled off from the substrate with an angle of 180° and a rate of 5 mm/s. The average
force needed to detach a 25 mm x 60 mm tape is reported. To verify the reproducibility of the
test, each material was tested at least 3 times and the average results are shown in Figure 5.9.
Tensile tests were performed based on a modified procedure from ASTM D638-14. 1 cm x 5 cm
polymer films were stretched at a constant rate of 50 mm/min. The dimensionless strain (A) was
defined as the distance elongated divided by the initial length of the sample. At least 3 samples
were tested for each material to examine the reproducibility of the results. The mechanical

parameters presented are the average values calculated from the stress-strain plots.

The shear adhesion tests of the PSAs prepared in UPV/EHU were carried out in a Binder
FED (E2) oven (Chem instruments, model SS-HT-8). The tapes were attached to stainless steel
panels with a contact area of 25 mm x 25 mm and they were pressed 20 times with a 1 kg rubber-
coated roller. Then, 1 kg weights were loaded to the free ends of the tapes and the time the
adhesives were able to stand the load at 25 °C was recorded. The results reported are the

average values of four tests.

The loop tack tests performed of the PSAs prepared in BASF were carried out in a Zwick
Roell tensile machine at room temperature, using one inch width adhesive stripes and stainless
steel substrates. First, the strips were held on the superior grip of the analyser with the adhesive

part looking downwards, they were put in contact with the substrate for a short time (=2 s) and

216



N-vinyl pyrrolidone (NVP) — TA complexation for PSAs

they were detached from the substrate with a constant rate of 300 mm/min. The force needed to
remove the adhesive tapes during the detachment was measured. For the shear adhesion tests
performed in BASF, the adhesive strips were attached to stainless steel substrates with a contact
area of 1 inch x 1 inch or %2 inch x % inch (it will be specified in the results for each case). The
samples were pressed 4 times with a 2 kg roller and allowed to dwell for 10 minutes. Then, they
were hung vertically on the wall and a 1 kg weight was loaded. The time needed for the failure
of the adhesive was recorded. To verify the reproducibility of the tests, each material was tested

at least 3 times and the average results are presented herein.

5.3. Results and discussion
5.3.1. Synthesis of polymer dispersions

Stable latexes of approximately 50 wt % solids content were obtained from runs Latex 15
— Latex 21. Latex 15 and 16 with 0 and 4 wt% NVP were synthesized in UPV/EHU and Latexes
17 — 20 with 0, 1, 2 and 4 wt% NVP and Latex 21 with 1 wt% UMA were produced in BASF as
part of the internship. The monomer conversion and particle size time evolution during the
synthesis of the dispersions are shown in Figures 5.4.A and 5.4.B, respectively. In addition, the
final monomer conversion and particle size, gel content and molecular weight of the polymers

are presented in Table 5.2.
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Figure 5.4. (A) Instantaneous monomer conversion and (B) particle size time evolution during the synthesis
of Latexes 15-21. The theoretical growth of a 55 nm seed assuming there is no secondary nucleation during

the semibatch stage is shown for comparison.

Figure 5.4.A shows that the instantaneous monomer conversions during the
polymerizations were very high (Xwm,inst > 80%), especially in Latexes 15 and 16 synthesized in
UPV/EHU. It is worth highlighting that the monomer conversion in these polymerizations was
slightly higher than in the synthesis of the latexes produced for coatings applications in Chapters
2 and 4, very likely due to the high propagation rate coefficient of butyl acrylate, which was the
main component of the recipe. In addition, although the reactivity ratios between NVP and
acrylates do not favor the copolymerization of NVP (rsa = 0.80 and rnve = 0.02%6), the high
instantaneous monomer conversions and final monomer conversions achieved in the
polymerizations of Latexes 16 and 18-20 ensured the incorporation of NVP into the polymer
backbone. For UMA, although the final monomer conversion in Latex 21 was slightly lower, the
incorporation of this functional monomer was assumed due to the favorable reactivity ratios of
methacrylates with acrylates (e.g. for the MMA/BA copolymerization system rmma=1.789 and

rea=0.298).57

The polymer seeds formed after 30 minutes of polymerization had particle sizes between

47 and 54 nm. During the semibatch period, the particles grew showing values close to the
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theoretical particle sizes calculated for a seed of 55 nm indicating no significant nucleation or
coagulation occurred during the feeding. At the end of the polymerizations, the latexes had
particle sizes between 102 and 140 nm. The comparison dispersions with increasing amounts
NVP (compare L15 and L16, and L17-L20) shows that the dispersions presented an increasing

particle size with the NVP content.

Table 5.2. Main characteristics of the polymer dispersions produced in Latex 15 - 21. Latexes 17 - 21 marked
with (*) were synthesized in BASF. Data determined by 2gravimetry, °DLS, °HDC, “Soxhlet extractions in

THF, ®insoluble polymer fraction in MEK and 'SEC in THF.

Latex Description Fin(il/lo)x“"a dp(zr_lsr?:c),“ drz;f;‘s'b’c Gel ngz)tentdve (kg'\;lr\',rv;ol)
L15 Blank - 0% F.M. 100 54 +1° 119 + 2° 52 + 7¢ 151
L16 4% NVP 99.9 52 +1° 140 + 1° 57 +1¢ 123
L17* Blank - 0% F.M. 98.6 49 + 13° 102 + 5°¢ 49.0 £ 11.0° 430
L18* 1% NVP 98.8 48 £ 12° 108 + 5¢ 75.4+£2.2° 390
L19* 2% NVP 97.8 47 £ 12° 116 +13°¢ 57.5+14.4¢ 350
L20* 4% NVP 98.9 50 £ 13° 121 +19° 66.5 + 1.6° 300
L21* 1% UMA 94.6 49 £ 13° 106 +13° 77.7+1.2° 226

Regarding the microstructure of the polymers, the PSAs presented relatively high gel
content values of around 50-70 %. This can be attributed to the high fraction of acrylates in the
formulation, which typically undergo chain transfer reactions during emulsion polymerization,
leading to internal crosslinking and gel formation.585° Overall, the blank and 1, 2 and 4 wt% NVP
latexes (L15-20) showed similar gel content and number average molar masses. These
similarities show that the incorporation of up to 4 wt% NVP to the formulation did not influence

significantly the polymer architecture and therefore any differences in the mechanical response
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of these adhesives should be directly related to the presence of the pyrrolidone groups. Latex 21
with 1 wt% UMA showed the highest gel content which could be explained by residual amounts
of a bis-methacrylate derivative (shown in Figure 5.5), that is formed as by-product during the
synthesis of UMA. On first glance, the difference may not seem significant, but the higher gel
content was coupled with different physical appearance of the gel fraction of the PSA samples.
In contrast to the blank and the NVP-containing materials, whose insoluble polymer fraction was
a highly viscous liquid unable to pass the filter, the insoluble polymer fraction of the UMA-
containing dispersions was a solid. Therefore, although the gel content values of the PSAs
presented in Table 5.2 are similar, it can be assumed that the 1% UMA sample had a different
microstructure compared to the rest of the PSAs with a tighter crosslinking network. This
observation will be relevant to understand the adhesive properties of the PSAs prepared from

these dispersions.

O
) O\/\NJ( P

"
Figure 5.5. Bis-ureidomethacrylate crosslinker formed as byproduct during the synthesis of UMA.

5.3.2. Film morphology

After the synthesis, the polymer dispersions were blended with different amounts of a TA
aqueous solution and dried to prepare materials with different TA content. In order to observe
the internal morphology of the adhesive films, they were microtomized and stained with RuO4 to
increase the contrast of the aromatic rings and therefore, the tannic acid-rich areas are the darker
regions. The TEM images of the blank (L15) and NVP (L16) materials with 3 wt% TA are shown
in Figure 5.6.
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|

Blank (L15) — 3 %TA 4% NVP (L16) — 3 %TA

Figure 5.6. TEM images of the (A) blank (L15) - 3 wt% TA and (B) 4% NVP (L16) - 3 wt% TA PSAs.

In the blank materials without pyrrolidone groups, TA formed relatively large aggregates
in the soft polymer matrix with domain sizes on the order of 100 nm (see Figure 5.6.A). In
contrast, in the 4 wt% NVP materials with pyrrolidone groups, the TA was distributed
homogeneously to form a continuous network around the deformed polymer particles (see Figure
5.6.B). Although the shape of each cell was irregular and slightly deformed due to the low
modulus of the latex, their size was in reasonable agreement with the particle size reported in
Table 5.2, indicating that each cell corresponded to a polymer particle. Comparing the
microstructure of the blank and 4% NVP materials, it can be concluded that similar to Chapter 4,
the incorporation of pyrrolidone groups to the polymer particles promoted the formation of a TA
network around the polymer particles due to the hydrogen bond interactions between the

phenolic groups in tannic acid and the pyrrolidone group in the polymer (see Figure 5.2).

221



Chapter 5

5.3.3. Glass transition temperature (Tg)

In order to have a better understanding of the microstructure of the PSAs, the glass
transition temperatures (Tg) of the materials were measured by differential scanning calorimetry
(DSC). Figures 5.7.A and 5.7.C show the heat flow and derivative heat flow thermograms
obtained for the blank (L15) - TA materials and Figures 5.7.B and 5.7.D show the thermograms
obtained for the 4% NVP (L16) - TA materials. All the films showed two transitions, one at around
-40 °C and a second transition at around 15 °C. The first transition is related to the T4 of the main
BA rich polymer and is in reasonable agreement with reported values of Ty of the PBA
homopolymer in the literature.®° In the case of the NVP latex this transition was shifted slightly to
higher temperatures (-40 °C instead of -44 °C) due to the incorporation of NVP (Tgpve = 187
°C1). Indeed, taking the Tq of the poly(BA-co-AA) polymer as -44 °C and incorporating 4 wt% of
NVP, the Fox equation gives an estimate of the NVP copolymer of -40 °C, which is in excellent
agreement with the experimental result and indicates good incorporation of the NVP into the
copolymer. The second transition at 15 °C, which was more pronounced when NVP was used,
likely arises from small amounts of polymer that are formed in the aqueous phase and are rich
in AA and NVP. This is more obvious in the case of Latex 16 (4% NVP) since the amount of

water soluble monomer used in the formulation is higher than in Latex 15 (blank).
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Figure 5.7. (A) and (B) display the heat flow thermograms and (C) and (D) show the derivative heat flow

thermograms for the blank (L15) - TA and 4% NVP (L16) - TA materials.

5.3.4. Adhesive properties: Probe tack, 180° peel and shear adhesion
tests
In order to evaluate the adhesive properties of these materials, first, the probe tack test
of the PSAs with different TA contents was carried out employing a 1” spherical stainless steel
probe. The stress-strain curves obtained for the blank (L15) - TA and 4% NVP (L16) - TA blends
are presented in Figures 5.8.A and 5.8.B respectively. The maximum stress, elongation and work

of adhesion of the materials obtained from the stress-strain plots are summarized in Table 5.3.
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Figure 5.8. Probe tack results of (A) blank (L15) - TA and (B) 4% NVP (L16) - TA PSAs.
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Table 5.3. Maximum stress, strain at break and work of adhesion results calculated from the probe tack plots

presented in Figure 5.8.

Maximum stress Strain at break Work of adhesion
0,
Latex TA % (MPa) ) (0 m?)
0 0.62 + 0.04 11.1+1.3 176 + 12
= 0.5 0.65 + 0.03 11.4+05 158 + 14
]
53 1 0.66 + 0.04 11.9+2.4 155 + 19
0 ©
—
= 2 0.61 + 0.04 10.7+0.5 154 + 8
3 0.65 + 0.01 11.8+1.3 176 + 12
0 0.75 + 0.03 14.4+2.1 213 +18
— 0.5 0.72 +0.08 5.1+1.2 133+ 12
]
§ 3 1 0.71+0.08 42+0.3 128 +13
]
= 2 0.85 + 0.04 3.9+04 155 + 18
3 0.90 + 0.07 3.6+0.4 151 + 35

Starting from the blank (L15) - TA materials shown in Figure 5.8.A, it can be seen that all
of the materials showed very similar probe tack profile. They presented a maximum stress of
around 0.65 MPa, a liquid-like deformation without a fibrillation plateau and a maximum
elongation between 10.7 and 11.9. The work of adhesion of the blank materials varied slightly
from 154 to 176 J m2 but with no discernible trend. In addition, all the blank materials resulted in
cohesive failure, leaving adhesive residue on the probe. From these results, it can be concluded
that the addition of TA to the blank polymer dispersion Latex 15 did not influence the tack

properties of the blank - TA PSAs.

Moving to the 4% NVP (L26) - TA materials shown in Figure 5.8.B, first, it can be seen

that the addition of 4 wt% NVP to the formulation in Latex 16 influenced the adhesive properties
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of the PSA, since even in the absence of TA the NVP sample showed higher maximum stress,
strain at break and work of adhesion than the blank PSAs. In addition, it showed a fibrillation
plateau, which was an indicative of the higher cohesion of the 4% NVP - 0 wt% TA PSA compared
to the blank PSAs. This reinforcement was attributed to the contribution of NVP to the formation

of a more rigid shell at the latex surface.

Unlike the blank materials, the addition of TA had a significant impact on the probe tack
behavior of the 4% NVP PSAs. The addition of only 0.5 wt% TA caused a dramatic decrease in
the strain at break, and with increasing TA content the strain at break continued to decrease.
This decrease in the strain at break was related to the formation of the continuous TA phase
observed in the TEM images and the probe tack results suggested that this structure was formed
from very low TA contents, even at 0.5 wt% TA. The maximum stress and the stress of the
fibrillation plateau increased with the tannic acid content. This indicated a progressive increase
in the elastic modulus of the PSAs since higher forces were required for cavitation and to
elongate the fibrils. In addition, the 4% NVP materials showed some strain hardening in the
plateau region as a result of the continuous percolating TA network. The gradual addition of TA
increased the density of the H-bond network, as well as the thickness and internal strength of
the TA phase. A shift in the rheological behavior was also detected from the failure mechanism,
as all the 4% NVP - TA blends showed adhesive failure and detached from the probe without
leaving any residue. The work of adhesion increased moderately with the TA content because
of the stiffness provided by the continuous TA phase to the materials, although it was lower than
the reference 4% NVP - 0 wt% TA. In this case, the high cohesion of the structured materials
restricted the deformation of the fibrils to low elongations and reduced their capacity to dissipate
energy before debonding. Overall, the work of adhesion of the 4% NVP blends was similar to

that of the blank system.
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The adhesive properties were also evaluated by a 180° peel test. The results for the blank
(L15) - TA and 4% NVP (L16) - TA materials are displayed in Figure 5.9. The PSAs prepared
from the blank latex with different TA content showed very similar peel forces with values ranging
from 18 to 22 N/25mm, with no obvious influence of the addition of the TA. In addition, these
materials underwent debonding by cohesive failure. These results are in agreement with the
probe tack results where a liquid-like behaviour of the blank PSAs was observed. On the other
hand, in the pyrrolidone containing materials, the addition of TA gradually decreased the average
peel force as the cohesion of the materials increased. The 4% NVP - 0 wt% TA material showed
a combined adhesive and cohesive failure but the rest of the 4% NVP - TA PSAs showed an
adhesive failure due to the enhanced internal strength provided by the H-bond network and the

film microstructure.
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Figure 5.9. 180° peel test results of for the blank (L15) - TA and 4% NVP (L16) - TA materials.

Finally, the shear adhesion test of the PSAs was carried out to directly evaluate the

cohesive strength of the materials. In this test, the time the adhesive is able to stand a 1 kg shear
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load is measured. The higher the holding time, the greater is the shear resistance of the
adhesive. The failure time results obtained for the blank (L15) - TA and 4% NVP (L16) - TA

materials are shown in Figure 5.10.
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Figure 5.10. Holding times of the blank (L15) - TA and 4% NVP (L16) - TA PSAs.

Figure 5.10 shows that the addition of TA did not influence the holding time of the
materials prepared from the blank polymer dispersion. On the contrary, the holding time of the
4% NVP materials increased significantly with the TA content, which meant that the hard TA
network enhanced the shear resistance of the 4% NVP materials. These results are in agreement
with the probe tack test results where the addition of TA increased the maximum stress and

fibrillation stress of the PSAs.
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5.3.5. Tensile properties

The change in adhesive behavior can be attributed to the influence of the percolating
network of tannic acid. In order to explore this further, tensile experiments were conducted to
investigate the large strain behavior of the materials. As mentioned in the introduction, the PSAs
must show a certain degree of strain-hardening to ensure adhesive failure.'® One practical way
to represent the tensile test results and discuss the non-linear behavior of a PSA is the Mooney-
Rivlin plot where the reduced stress (or) is represented against the inverse of the strain (1/A).62
The reduced stress, defined in Equation 5.1, normalizes the nominal stress (on) obtained in the

tensile measurement by the predicted behavior of a neo-Hookean rubber in uniaxial tension.

oN .
op = Equation 5.1
R= G5 q

In the absence of strain hardening, the reduced stress progressively decreases with the
deformation. This is the characteristic behavior of a viscoelastic liquid.*® The stress-strain and
Mooney-Rivlin plots of the blank (L15) - TA and 4% NVP (L16) - TA materials are presented in
Figure 5.11. In addition, the values obtained for the main mechanical parameters obtained from

the stress-strain curves in Figures 5.11.A and 5.11.B are shown in Table 5.4.

Starting from the blank (L15) - TA materials presented in Figure 5.11.A, it can be seen
that all of them showed very similar mechanical behavior. The materials presented a Young’s
modulus between 51 and 72 kPa, a tensile strength equal or below 57 kPa and a toughness
around 25x10% J m3. The maximum elongation varied from 5 to 8 without a clear trend very likely
due to the high sensitivity of these soft materials towards the presence of defects that cause
fracture. More importantly, the blank materials behave as viscoelastic liquids and did not show

any strain hardening. This liquid-like behavior was also clearly seen in the Mooney-Rivlin plots
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presented in Figure 5.11.C where the reduced stress progressively decreased with the
deformation without showing any minimum. These tensile results were in agreement with the
probe tack test results where the materials showed a liquid-like deformation with no fibrillation

plateau and detached giving a cohesive failure.
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Figure 5.11. Stress-strain plots obtained from the tensile tests of the (A) blank (L15) - TA and (B) 4% NVP

(L16) - TA blends. Mooney-Rivlin representations of tensile results for the (C) blank (L15) - TA and (D) 4%
NVP (L16) - TA blends.
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Table 5.4. Main mechanical parameters obtained from the stress-strain plots shown in Figure 5.11.

Young's Tensile Maximum Toughness 106
Latex TA % Modulus Strength elongation g(l m-3)
(kPa) (kPa) 0
0 67+7 57 +2 53+0.9 26+6
& 0.5 59+6 36+4 7.0+1.3 23+6
-
53 25 607 394 8111 27+1
0 ©
= 2 5149 38+3 8.1+0.9 27+1
3 72+7 46+6 8.6+2.3 3447
0 34+4 55+9 11.5+1.1 35+7
0@ 0.5 48+8 100 + 18 11.5+0.7 65 + 10
> -l
z 3 1 53+12 135 +33 9.4+3.1 73+15
= )
= 66+4 182 +17 10.6 £0.5 111+13
3 7444 289+ 19 11.6+ 1.4 193 +33

Moving to the 4% NVP (L16) - TA materials, Figure 5.11.B shows that the addition of TA
strongly influenced the tensile behavior of the PSAs. The materials showed higher Young’s
modulus, tensile strength and toughness with increasing tannic acid content. In these materials,
the H-bond driven formation of the hard TA network and its gradual thickening with the TA content
caused the progressive reinforcement of the materials. One of the main differences between the
two set of materials was the strain hardening given by the 4% NVP - TA PSAs compared to the
liquid-like behavior shown by the blank - TA blends. First, comparing the neat PSAs without TA,
it can be seen that the addition of 4 wt% NVP to the formulation changed the behavior of the
PSA and caused some strain hardening, very likely due to the existence of a pyrrolidone-rich
shell formed during the synthesis of the polymer dispersion. The addition of TA to the NVP
materials and its arrangement in a network, led to stronger and more cohesive materials with a

well-defined strain hardening behavior. As a practical example, the addition of 3 wt% TA to the
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NVP polymer dispersion doubled the Young’'s modulus and increased around five times the

tensile strength and toughness of the PSA.

The strain hardening of the 4% NVP - TA blends was also observed in the Mooney-Rivlin
plots shown in Figure 5.11.D where the reduced stress did not progressively decrease with the
deformation. Instead, the reduced stress showed a plateau and a slight increase at small 1/ A
values. In addition, the stress of the plateau in the Mooney-Rivlin plot increased with the TA
content which indicated the gradual strengthening of the materials with the addition of TA. These
results suggest an adhesive failure would be more likely in these materials and are in agreement

with the probe tack and 180° peel tests discussed above.

5.3.6. Water sensitivity

The impact of incorporating hydrophilic pyrrolidone and TA species on the water
resistance of the PSAs was evaluated measuring the water uptake and weight loss of the films
after 7 days in water. Figure 5.12.A and 5.12.B show that, despite the relatively high NVP fraction
in the formulation (4 wt%), the water uptake and weight loss of the 4% NVP materials was only
moderately higher than the ones of blank PSAs without showing any trend with the TA content.
For the blank materials, the weight loss increased with the TA content due to the release of TA
from the films to the aqueous phase. Figure 5.12.C shows that whilst the amount of TA released
to the aqueous phase increased with the TA content in the blank materials, the H-bonds between
the pyrrolidone groups and tannic acid prevented the leaching of TA from the films in the 4%
NVP materials. The adhesive performance of the PSAs in wet conditions was also investigated
by conducting probe tack tests before and after 60 minutes of immersion in water. Figure 5.12.D
shows that the immersion in water led to a similar reduction in the peak stress of the probe tack

measurement, without any further decrease related to the presence of pyrrolidone and TA
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groups. More importantly, during the test the

blank - TA PSA films detached from the glass

substrates while all the 4% NVP - TA materials showed a standard adhesive failure and detached

from the steel probe without leaving any residue.
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Figure 5.12. (A) Water uptake and (B) weight loss of the PSA films after 7 days of immersion in water. (C)

TA % released from the films to the aqueous phase after 7 days of immersion in water. (D) Peak stress

obtained in probe tack measurement of the PSAs

immersion in water.

with different TA % before and after 60 minutes of
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5.3.7. Investigation of industrially interesting variables

Having understood the behavior of the microstructured PSAs with 4 % NVP at different
TA contents, industrially interesting variables were investigated during the internship in BASF.
First, the possibility of reducing the NVP wt% in the formulation was analyzed using polymer
dispersions with 0, 1, 2 and 4 wt% in Latexes 17 — 20. Second, the possibility of using 1 wt%

ureido methacrylate (UMA) as alternative H-bond acceptor monomer was studied using Latex

21.

First, the adhesive properties were evaluated using loop tack tests. The work of adhesion

(W) of the samples is plotted in Figure 5.13.
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Figure 5.13. Work of adhesion of the PSAs prepared from Latexes 17 — 21 with different TA contents in the

loop tack measurements.
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Figure 5.13 shows that the gradual addition of TA to the blank dispersion without any
functional monomer (L17) caused a moderate decrease in the work of adhesion. The PSAs with
1% NVP (L18) showed very similar behavior to the blank PSAs. On the contrary, a drastic
decrease in the work of adhesion was observed for the samples with 2 and 4 weight % NVP.
Very likely, in these samples the H-bond density was high enough to promote the organization
of TA around the polymer particles and create a reinforcing honeycomb microstructure. The
sample with 1% UMA also showed a decrease in the work of adhesion with the TA content.
Nevertheless, it is worth highlighting that in general, all the PSAs prepared from the 1% UMA
dispersion showed low work of adhesion. As discussed in section 5.3.1, the polymer produced
in Latex 21 with 1 wt% UMA had a higher gel content, which explains the low tack of these PSAs.

All the samples showed adhesive failure in the loop tack test.

The cohesion of the PSAs was tested with shear adhesion tests at room temperature and
using 1 kg loads. The contact area used for the test and holding time of the PSAs are shown in
Table 5.5. First, the blank and NVP PSAs showed little cohesion in the absence of tannic acid
and failed in between 3 and 6 hours. Then, the addition of TA increased the holding time of the
adhesives gradually. In addition, the cohesion increased with the NVP content indicating that the
reinforcement of the PSAs depended on the density of the H-bonding network. In agreement with
the loop tack results, the blank and 1% NVP samples behaved in a similar way and showed a
moderate increase in the cohesion with the TA content. On the contrary, the materials with 2%
and 4% NVP showed a considerable increase in the cohesion with the TA amount. Specifically,
the holding times of the 2% NVP and 4% NVP PSAs with 3 wt% TA were x3 and x8 greater than
the holding time of the analogous PSA with only 1% NVP. The results suggested that a minimum
amount of 2 wt% NVP was necessary to drive the microstructuring of TA around the polymer

particles. Furthermore, while the addition of TA caused a similar decrease in the work of adhesion
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in the samples with 2 and 4 wt% NVP, the increase in the cohesion for the 4% NVP PSAs was
remarkable. In this material, the greater amount H-bonds led to the development of a highly

cohesive physical network.

Regarding the UMA-containing materials, the three 1%UMA PSAs showed holding times
of more than 100 hours, even in the absence of TA. The high cohesion of these samples was
attributed to the high gel content of the 1% UMA polymer. In addition, the H-bond interactions
between the urea units on the surface of the polymer particles may also reinforce the particle
interfaces and contribute to the cohesive strength of the PSAs. In order to find out the reinforcing
effect of TA in the 1% UMA dispersion, the contact area with the steel substrate was reduced
from 1 x 1 inch to ¥2 x ¥z inch. It can be seen from these results that the addition of TA to the 1%

UMA dispersion led to great enhancement in the holding time and cohesive strength of the PSAs.

Table 5.5. Shear adhesion test results carried out at room temperature and 1 kg weight.

Holding time (h)

Latex Contact area 0% TA 1% TA 3% TA
(Lglg)r:kl?) 1inch x 1 inch 6.5+0.1 6.0+0.1 19.8+0.0
(ng/?e':l(\/lz) 1inch x 1 inch 3.2+0.2 4.7+0.6 13.2+0.6
(E;/?e';l(\/lg) Linch x 1 inch 55+0.0 13.1+0.8 384+14
(f;/?e':l(\/zz) Linch x 1 inch 47+04 32.0+04 > 100
(f;/‘;el‘:('\gq‘) linchx1inch >100 >100 > 100
(tﬁeli'\’gi) 1/2 inch x 1/2 inch 1.0£05 3415 >100
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For a better comparison of the NVP- and UMA-containing samples and in order to
highlight the strengthening effect of TA in each dispersion, the shear adhesion results were
normalized by dividing the holding time of each sample with the holding time of the material in

the absence of tannic acid. The normalized holding time results are shown in Figure 5.14.

110

I sBlank (L17)

A\
A%Y
A\
A% Y

Bl 4%NVP (L20)
Bl 1%UMA (L21)

0 1 3
TA %

Figure 5.14. Normalized shear adhesion test results for the Latex 17-21 — TA blends. t/tos 1a iS the holding

time of each adhesive divided by the holding time of the same polymer in the absence of TA.

The normalized results shown in Figure 5.14 clearly revealed that the strengthening effect
of TA depended on the H-bonding sites on the surface of the polymer particles which promoted
a better distribution of TA around the polymer particles and led to the formation of a more
cohesive physical network. In addition, the reinforcement efficiency of TA in the PSA with only 1
wt% UMA was very high, even greater than for the PSA with 4 wt% NVP. Considering the
dispersion with only 1 wt% NVP behaved similar to the blank, it was concluded that the
incorporation of UMA with two H-bonding sites in its structure was more efficient than NVP which

only has one H-bonding site for enhancing the cohesive strength of the PSAs.
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5.4. Conclusions

In conclusion, a H-bond directed approach has been presented for the preparation of
nanostructured acrylic PSAs with enhanced shear resistance. The system is composed of a soft
acrylic dispersion functionalized with N-vinyl pyrrolidone (NVP) and tannic acid (TA), a water-
soluble polyphenol. The H-bonds between the pyrrolidone groups in the polymer particles and
the hydroxyl groups in TA promoted the arrangement of a continuous network of TA around the
soft polymer particles. The physically crosslinked and microstructured PSAs showed an
increasing mechanical and cohesive strength with the NVP and TA content. In addition, while the
increase in the cohesion was remarkable (x26 times increase in the holding time with the addition
of 4% NVP and 3 wt% TA) the formation of the TA microstructure only caused a moderate
decrease in the work of adhesion (25 % decrease with the addition of 4% NVP and 3 wt% TA)
and peel strength. Thus, through simple post-synthesis addition of a naturally occurring
polyphenol waterborne acrylic PSAs with significantly improved shear resistance were obtained

with only a slight decrease in the peel strength.
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Chapter 6. Fundamental insights into free radical
polymerization in the presence of catechols and

catechol functionalized monomers

6.1. Introduction

In Chapter 4, the combination of acrylic polymer dispersions with pyrrolidone units and
tannic acid, a naturally occurring polyphenol, led to the H-bond directed formation of
microstructured materials with enhanced stiffness. The materials also showed high water
resistance and the films maintained the microstructure and mechanical strength after extensive
exposure to water thanks to the high strength of the amide — phenol H-bonds. However, the
addition of TA gave an orange tint to the polymer films which was visible even in the white paints
prepared with TiO2 pigment. Moreover, when used as formulated product the strong interactions
between TA and the main coating components led to unstable products, which limits the potential
application of TA in formulated products. A potential route to overcome these limitations is the

synthesis of copolymers containing catechol units in place of TA.

Catechols are aromatic compounds containing two hydroxyl groups in ortho position
(chemical structure shown in Figure 6.1) that have attracted great interest for use in polymer
materials in a variety of applications.’® Catechol-containing polymers can be used to mimic
adhesive proteins used in nature, making them particularly suitable for use as adhesives®13 and
to anchor polymer chains to surfaces.'*?° Similar to TA, the phenolic hydroxyl groups of
catechols are strong H-bond donors, and H-bond interactions arising from catechols have been

reported to physically crosslink linear polymers for the formation of mechanically robust polymer
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films222 as well as hydrogels and microgels.'223-27 Furthermore, catechols form strong bonds
with metal ions, a feature that has been advantageously used in self-healing polymers,?® water
purification hydrogels?®® and in crosslinking catechol containing polymers.3%-32 Finally the
catechol/o-benzoquinone redox couple has been exploited for use in electronic applications such

as organic cathode materials for batteries.33-37

Cr
OH
Catechol

Figure 6.1. Chemical structure of catechol.

There are a number of techniques that can be used to synthesize catechol containing
polymers such as ring opening polymerization of catechol containing N-carboxyanhydride
monomers,3® oxidative polymerization of catechols,'%3%40 side chain functionalization*'4? and
free radical polymerization. The use of free radical polymerization is particularly attractive due to
its versatility. However, the incorporation of catechols into polymers by free radical
polymerization processes is challenging. In fact, catechol-containing compounds such as 4-tert-
butylcatechol and other phenolic molecules are widely employed as free radical inhibitors and
commercial monomers are shipped containing ppm amounts of them in order to prevent
polymerization during storage. As catechols are known inhibitors of polymerization, in the design
of catechol functionalized polymers they are commonly incorporated into the formulation as
protected monomers that have to be later deprotected.”1317.18.33.43.44 Despite this, there are
widespread reports of successful radical copolymerizations using catechol containing

monomers.181216.27.3745-49 The reason for the success of some radical copolymerizations
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containing catechol moieties can at least partially be understood in the context of the mechanism

by which they inhibit polymerization.

Due to the commercial importance of the use of phenols as inhibitors, the reaction
between carbon centered radicals and phenols/catechols has been well studied.3%5! Scheme 6.1
shows the general picture that can be used to understand the inhibitory activity of catechols in
radical polymerization. The primary reaction of a phenol is not directly with carbon centered
radicals, but rather with peroxyl radicals arising from addition of oxygen to the propagating chain
end (1).52-54 This hydrogen transfer generates a phenoxyl radical (1) that can potentially proceed
to terminate an additional radical. In the absence of inhibitor, the peroxyl radicals (I) can react
with monomer, leading to a carbon centered radical that can again consume oxygen. Thus, when
no inhibitor is present, for each radical that is generated a large number of oxygen molecules are

consumed and oxygen is depleted rapidly, resulting in a rapid polymerization.

+ R-0-O0°
JoTTT > Russell termination
0, ‘
R® < R-0-0° () <
Monomer
. ¥, Termination with
OH OH + OH o phenoxy radical
OH | OH
i (1
Y
OH OH
o* o®
R-H + R-O-O-H +
(m (1)

Scheme 6.1. Inhibition of radical polymerization in the presence of oxygen. R* represents the propagating

radical species. The full lines show the predominant pathway when both oxygen and inhibitor are present.
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In a radical polymerization that is conducted in an inert atmosphere, the presence of
phenols/catechols can therefore only influence the polymerization in the case of hydrogen
abstraction of the phenolic hydrogen by the propagating radical.>® Compared to the rate of
combination with oxygen this reaction is substantially slower and, unlike the inhibition effect in
the presence of oxygen, is highly dependent on the nature of the propagating radical.>6-58 For
example, benzene-1,2-diol has been reported to lead to a significantly reduced rate and
molecular weight in the polymerization of styrene with estimated transfer constant, Crr, of 0.13
at 60°C,%° but has been seen to have no measurable effect in the polymerization of methyl
methacrylate.5¢ Seemingly in contradiction to this Samal et al. have reported that in the case of
methyl methacrylate inhibition and retardation occur with a decrease in the molecular weights in

the presence of phenols.5°

In (co)polymerizations that contain appreciable fractions of catechol functionalized
monomers there is an additional issue with respect to the reactivity of the radicals that are
generated following chain transfer event to catechol (see Scheme 6.2, species 1). In the case
that propagation or termination by combination occurs with this species, branched chain
structures will be generated (species Il in Scheme 6.2). Thus, the chain transfer reaction can
lead to insolubility of the polymer through formation of a crosslinked network. Although many
radical polymerizations of catechol containing monomers have been reported, there are few
examples of detailed examination of the resulting products. Yang et al. reported the
copolymerization of dopamine methacrylamide and 2-methoxyethyl acrylate.'? At high dopamine
methacrylamide content (>25 mol%) the reaction was observed to form an insoluble gel which
was attributed to termination and transfer events arising from the catechol moiety. Below this
value the extent of branching was seen to increase with increasing catechol concentration. Xue

et al. reported the synthesis of poly(N-isopropylacrylamide) microgels using dopamine
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methacrylamide as a comonomer. At low concentration of dopamine methacrylamide no
microgels were formed whereas at concentrations above 5% microgel formation was observed.
This was attributed to the combination of chemical crosslinking arising from transfer reactions of

the propagating radical to the catechol and termination reactions involving the resulting phenoxy

radical.®*
Propagation
Chain transfer (”)
OH OH ‘\_/' OH
OH Oe .. o
Termination by
(1) combination
OH
OH

Scheme 6.2. Chain transfer to catechol and potential reaction of phenoxy radical in the absence of oxygen,

modified from reference 1.

It is clear that while the radical polymerization of catechol containing monomers is
possible to some extent, the nature and reactivity of the catechol during the reaction and the
result it has on polymer structure is uncertain. This is an important point if catechol functionalized
polymers are to be implemented practically. Therefore, the objective of the work conducted in
this chapter is to explore the fundamental behavior of catechol groups in the radical
polymerization of common monomers and demonstrate that this knowledge can be used to

circumvent many of the problems that are faced when incorporating catechols.

First, a comprehensive kinetic and structural study is performed using styrene, methyl

methacrylate and methyl acrylate in the presence of pyrocatechol as a model catechol molecule.
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The reaction kinetics, molar mass distribution and polymer microstructure are examined in order
to determine the influence and reactivity of the catechol in each case. Subsequently, the chain
transfer constants of the 3 monomer systems are determined. The differences in transfer activity
are attributed to the varying steric and electronic configurations of the polymerizing radical
species and are confirmed by density functional theory calculations. Then, the investigation is
extended to (meth)acrylamide monomers validating the results obtained for (meth)acrylates.
Finally, the consequences that these results have on the targeted synthesis of catechol
containing polymers by radical polymerization are discussed. The information gained in this study
will be utilized in Chapter 7 for the synthesis of catechol-containing water-soluble H-bond donors,

as synthetic alternative to TA.

6.2. Experimental part
6.2.1. Materials

Unless otherwise stated, the commercial monomers employed in this work were used
without purification: methyl methacrylate (MMA, technical grade, Quimidroga), styrene (S,
technical grade, Quimidroga) methyl acrylate (MA, 99 %, Sigma Aldrich), acrylamide (AM, =298
%, Fluka), methacrylamide (MAM, >98 %, Merck) 2-methoxyethyl methacrylate (2-MOMA, 99 %,
Sigma Aldrich) and 2-methoxyethyl acrylate (2-MOA, Merck). Styrene was distilled under
reduced pressure to remove inhibitor traces for Runs 5, 6, 9-11 in Table 6.4. 2,2’-azobis(2-
methylpropionitrile) (AIBN, 298 %, Sigma Aldrich), lauryl peroxide (LPO, 97 %, Sigma Aldrich)
and 4,4'-azobis(4-cyanovaleric acid) (V-501, >98 %, Sigma Aldrich) were used as received.
Toluene (Lab reagent grade, Fischer), dimethyl formamide (DMF, 299.8 %, Sigma Aldrich),
cyclohexane (299.5 %, Sigma Aldrich) and deionized water were employed as polymerization

media. Pyrocatechol (PC, 299 %, Sigma Aldrich), sodium chloride (NaCl, synthesis grade,
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Scharlau), sodium phosphate monobasic (NaH2PO4, 299 %, Sigma Aldrich), tetrahydrofuran
(THF, GPC grade, Scharlab), and acetonitrile (>99.9 %, Panreac) were used as received.
Deuterated dimethyl sulfoxide (de-DMSO, 99.8 %D, Eurisotop) was used as solvent for the kinetic
study in Runs 1-4 and 7-10 in Table 6.4 and deuterated chloroform (CDCls, 99.5%D, Eurisotop)
was used as solvent for Runs 5, 6 and 11 in Table 6.4. Dopamine methacrylamide (DMA) was
synthesized from dopamine and methacryloyl chloride based on a procedure reported by Xu et
al.%2 Vinyl catechol (VC) was synthesized from caffeic acid according to the procedure described
by Takeshima et al.®® The experimental details about the synthesis of DMA and VC are given in

Sections 1.1 and 11.2 of Appendix II.

6.2.2. Synthetic procedures
Set 1. Radical polymerizations of MMA, S and MA in presence of pyrocatechol

In polymerizations conducted under inert conditions, the inhibitory activity of catechols
only depends on the nature of the propagating radical. In order to gain an insight into the reactivity
of catechols with different radical types, methyl methacrylate (MMA), methyl acrylate (MA) and
styrene (S) were polymerized in presence of increasing amounts of pyrocatechol (PC) as model
catechol compound. The formulations employed for the reactions are shown in Table 6.1. The
reactions were carried out in a commercial calorimetric reactor (RTCal™, Metler Toledo)
comprised of 1 L glass jacket reactor, a platinum resistance thermometer, an anchor impeller, a
nitrogen inlet and a sampling tube. Initially, the monomer and solvent were charged into the
reactor and the system was purged for 30 minutes with N2. Then, the system was heated to 70
°C and the system was left until the heat flow stabilized. The reaction was initiated with a shot of
a solution of the initiator in toluene. The reactions were conducted under nitrogen atmosphere,

at 70 °C and 200 rpm for 6 hours.

251



Chapter 6

Table 6.1. Formulations employed for the radical polymerizations of different vinyl monomers and different

pyrocatechol concentrations.

Run Catechol MMA s () MA Toluene AIBN S LPO Pyrocatechol
(wt%) (g) (g) (g) (g) (g) (g) (g)
S-1 0 - 100 - 200 2 - 0 0.02
S-2 5 - 100 - 195 2 - 5 0.02
S-3 10 - 100 - 190 2 - 10 0.02
MA-1 0 - - 100 200 2 - 0 0.02
MA-2 5 - - 100 195 2 - 5 0.02
MA-3 10 - - 100 190 2 - 10 0.02
MA-4 50 - - 100 150 2 - 50 0.02
MMA-1 0 100 - - 200 2 - 0 0.02
MMA-2 10 100 - - 190 2 - 10 0.02
MMA-3 50 100 - - 150 2 - 50
MMA-4 0 100 - - 200 - 2 0 0.02
MMA-5 10 100 - - 190 - 2 10 0.02

2 Weight based on monomer weight.

Set 2. Radical polymerizations for the determination of the chain transfer constants

MMA, S and MA were polymerized in presence of different amounts of pyrocatechol in
order to determine the chain transfer constant at 70 °C for each monomer-catechol combination
and to quantitatively compare the reactivity of catechol with each radical type. The
polymerizations of MMA and S were carried out in bulk and the polymerizations of MA were
carried out in solution to avoid the significant exotherm that was observed to occur in bulk
reactions. The recipes employed for the reactions are shown in Table 6.2. The reactions were
carried out in 25 mL round bottom flasks, under magnetic stirring and employing an oil bath at
70 °C. For each monomer, first a stock solution containing all the ingredients except the catechol
was prepared. Then, mixtures with different monomer/pyrocatechol ratio were prepared adding

the corresponding amounts of pyrocatechol to aliquots of the stock solution. The reaction vessels
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were purged with N2 for 20 minutes and then they were immersed in an oil bath at 70 °C for the

polymerization. The reaction time was 10 minutes in the polymerizations of MMA and S, and 12

minutes in the case of MA. After the reaction, the polymerizations were quenched by immersing

the vessels in ice.

Table 6.2. Formulations employed for the determination of the chain transfer constants of MMA, S and MA

with pyrocatechol.

RuUN MMA S MA Cyclohexane AIBN Pyrocatechol
(C)) (C)) C)] C)) @ C))
MMA-Ct-1 5 - - - 0.025 0
MMA-Ct-2 5 - - - 0.025 0.1
MMA-Ct-3 5 - - - 0.025 0.5
MMA-Ct-4 5 - - - 0.025 1
MMA-Ct-5 5 - - - 0.025 25
S-Ct-1 - 5 - - 0.025 0
S-Ct-2 - 5 - - 0.025 0.0125
S-Ct-3 - 5 - - 0.025 0.05
S-Ct-4 - 5 - - 0.025 0.1
MA-Ct-1 - - 5 10 0.025 0
MA-Ct-2 - - 5 10 0.025 0.05
MA-Ct-3 - - 5 10 0.025 0.1
MA-Ct-4 - - 5 10 0.025 0.3
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Set 3. Radical polymerizations of acrylamide (AM) and methacrylamide (MAM) in

presence of pyrocatechol

Acrylamide (AM) and methacrylamide (MAM) were polymerized in presence of 0% and
=10 wt% pyrocatechol to understand the effect of the catechol groups on the polymerization of
(meth)acrylamides. The polymerizations were conducted in water and using 4,4’'—azobis(4—
cyanovaleric acid) (V-501) as water soluble azo initiator. The reactions were carried out in 50 ml
round bottom flasks, under magnetic stirring and using an oil bath to set the temperature at 70
°C. The reaction vessels were purged with nitrogen for 20 minutes before the reactions and then,
they were immersed in the oil bath at 70 °C to start the polymerizations. The formulations

employed for the reactions and the reaction times are presented in Table 6.3.

Table 6.3. Formulations employed for the polymerizations of AM and MAM in presence of

pyrocatechol.
Reaction time AM MAM H20 V-501 Pyrocatechol
Run .

(min) (g) (g) (g) (g) (g)

AM-1 20 0.95 - 29.05 0.004 0
AM-2 80 0.95 - 29.05 0.004 0.1
MAM-1 60 - 0.85 10 0.004 0
MAM-2 60 - 0.85 10 0.004 0.1

Set 4. Copolymerization of catechol monomers

Two catechol containing monomers (DMA and VC) were used. DMA was copolymerized
with 2-methoxyethyl methacrylate (2-MOMA), 2-methoxyethyl acrylate (2-MOA) and styrene (S)
in DMF using AIBN as initiator (Runs 1-6). VC was copolymerized with 2-MOMA (Run 7). As VC

has a styrenic double bond and a catechol moiety, there was uncertainty on the cause of the
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effects observed (styrenic double bond vs. catechol moiety). Therefore, to separate the effect of
catechol and styrene type double bond, 2-MOMA was polymerized in presence of pyrocatechol
or/and styrene in Runs 8-10. Styrene was polymerized in presence of pyrocatechol in DMF to
understand the effect of the solvent on the activity of catechol (Run 11). The chemical structures
of 2-MOMA, 2-MOA, S and the catechol containing monomers are shown in Figure 6.2, and the

formulations used for the reactions are shown in Table 6.4.

0 O
=
O/\/O“\ \)]\O/\/O\
2-methoxyethyl methacrylate  2-methoxyethyl acrylate styrene
H OH
O
OH OH
Dopamine methacrylamide Vinyl catechol

Figure 6.2. Chemical structures of 2-methoxyethyl methacrylate (2-MOMA), 2-methoxyethyl acrylate (2-

MOA, styrene (S), dopamine methacrylamide (DMA) and vinyl catechol (VC).

For the reactions, all the ingredients were charged in a 25 mL round bottom flask and the
mixture was purged with nitrogen for 30 minutes under magnetic stirring. Then, the vessels were
immersed in an oil at 70 °C for 24 hours. Samples were withdrawn from the reaction medium
along time to follow the conversion of the monomers and molecular weight distributions of the

polymers.
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Table 6.4. Formulations employed for the radical polymerizations of different vinyl monomers and different

pyrocatechol concentrations.

o catechol | DMA  VC Pyro- 2MOMA 2MOA S  DMF  AIBN

Run Description o catechol

mol % (8) (8) &) (8) (8) (8) (8) (8)
1 2-MOMA 0 - - - 2 - 8 0.02
2 2-MOMA +DMA 15 0.43 - - 1.57 - 8 0.02
3 2-MOA 0 - - - - 2 8 0.02
4 2-MOA+DMA 15 0.46 - - - 1.54 8 0.02
5 S 0 - - - - - 2 8 0.02
6 S+DMA 8 0.34 - - - - 1.84 8 0.02
7 2-MOMA+VC 8 - 0.29 - 1.71 - 8 0.02
8 2-MOMA+<cat. 8 - - 0.12 2 - - 8 0.02
9 2-MOMA+S 8 - - - 1.84 - 0.12 8 0.02
10 2-MOMA 8 - - 0.12 1.84 - 0.12 8 0.02
+cat.+S

11 S+cat. 8 - - 0.17 - - 2 8 0.02

6.2.3. Isolation of polymers

The polymers produced in toluene (Set 1 of experiments, Table 6.1) and the polymers
synthesized in the experiments to determine the chain transfer constants (Set 2, Table 6.2) were
precipitated in cold methanol. The functional copolymers containing catechol monomers (Set 4,
Table 6.4) were precipitated in deionized water. After the precipitation, the polymers were filtered
and dried at 30 °C and high vacuum. For the analysis of the time evolution of the molecular
weight distribution of the polymers produced in Runs 1-7 (Table 6.4), the samples were dried for
5 days at room temperature and 3 days at 65 °C. In these measurements, the non-volatile

monomers (DMA and VC) were not removed from the polymers.
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6.2.4. Characterization

6.2.4.1. Monomer conversion

In the experiments carried out in the calorimeter reactor (set 1, Table 6.1) the monomer
conversion was determined from the heat released from the reaction medium. In the
copolymerizations of catechol monomers (set 4 of experiments, Table 6.4), the individual
monomer conversions were determined by *H -NMR on a Bruker 400 MHz equipment. The 'H-
NMR spectra were recorded at room temperature setting a relaxation time (D1) of 20 s and 16
scans. de-DMSO was used as solvent in Runs 1-5 and 7-10 and the spectra were recorded in
CDClzin Runs 5, 6 and 11. For the analysis, 100 pL of the samples withdrawn from the reaction
medium at different times were diluted in 600 pL of the deuterated solvent. The monomer
conversion was determined from the disappearance of the vinyl protons using the signal of DMF

at 8.03 ppm as internal standard to normalize the signals of the vinyl protons.

6.2.4.2. Molar mass distribution

The molecular weight distributions of the polymers produced in Sets 1, 2 and 4 of
experiments were measured using size exclusion chromatography (SEC) in THF at 35 °C with a
THF flow rate of 1 mL min-1. The SEC instrument consisted of an injector, a pump (Waters 510),
three columns in series (Styragel HR2, HR4, and HR6), a differential refractometer detector
(Waters 2410) and dual A absorbance detector (Waters 2487, wavelength 265 nm). The
equipment was calibrated using polystyrene standards. The absolute molar masses of PS,
PMMA and PMA were determined using a universal calibration curve considering the following
Mark Houwink constants: K=0.0158 ml/g and a=0.704 for PS at 35 °C in THF,%* K=0.0122 ml/g

and a=0.690 for PMMA at 35 °C in THF,%* and K=0.0168 ml/g and a=0.696 for PMA at 30 °C in
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THF.%5 The molar masses reported for the P(2-MOA), P(2-MOMA) and PS (co)polymers

produced in DMF (Table 6.4) relate to polystyrene.

The molecular weight distributions of the PAM and PMAM polymers produced in Set 3 of
reactions were measured by size exclusion chromatography employing a mixed eluent
composed of 80 wt% 0.15 mol L't NaCl and 0.03 mol L' NaH2POs aqueous solution and 20 wt%
of acetonitrile at 35 °C and with a flow rate of 1 mL min-l. The equipment was composed by a
LC20 pump (Shimadzu) coupled to a miniDAWN Treos multiangle (3 angles) light scattering laser
photometer equipped with an He-Ne laser (12658 nm) and an Optilab T-Rex differential
refractometer (658 nm) (all from Wyatt Technology Corp., USA). Separation was carried out
using three columns in series (Waters Ultra-hydrogel 120, 250, and 2000 with pore sizes of 120,
250, and 2000 A’ respectively). The molar mass of the polymers was calculated from the
MALS/RI data using the Debye plot (with first order Zimm formalism) assuming a dn/dc of the
polymers of 0.142 mL g1.%* Note that this value corresponds to the reported dn/dc for
polyacrylamide and therefore the reported values of molar mass of the polymethacrylamide

samples have limited accuracy.

6.2.4.3. Matrix-assisted laser desorption/ionization time of flight mass

spectrometry (MALDI-TOF-MS)

MALDI-TOF MS measurements were performed on a Bruker Autoflex Speed system
(Bruker, Germany) instrument equipped with a 355 nm Nd:YAG laser. The spectra of the PS
(co)polymers were acquired using silver trifluoroacetate (AgTFA, 10mg L in THF) and the
spectra of the PMA, P(2-MOMA) and P(2-MOA) (co)polymers were acquired using sodium
trifluoroacetate (NaTFA, 10mg L* in THF) as cationic ionization agent. Trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was used as matrix for all the
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measurements at a concentration of 20 g L't in THF. The polymers were dissolved at 10 mg L
in THF. The matrix:salt:polymer ratio varied between 10:1:5 and 10:1:10. The spectra of the
polymers produced in Set 1 of experiments were acquired in positive linear mode and the spectra
of the polymers produced in Set 4 of reactions in positive reflectron mode (accelerating voltage
20 kV, pressure 5 x 10°® mbar). Approximately 0.5 pL of the mixtures were hand spotted on the
ground steel target plate. External calibration was performed in quadratic mode with a mixture of

different polyethylene glycol standards (PEO, Varian).

6.2.5. Computational work

All geometry optimizations were carried out within density functional theory (DFT) using
the M062X functional®® combined with the 6-31+G(d,p) basis set.5” To confirm that the optimized
structures were minima or transition states on the potential energy surfaces, frequency
calculations were carried out at the same level of theory. These frequencies were then used to
evaluate the zero-point vibrational energy (ZPVE) and the thermal corrections at T = 298.15 K,
in the harmonic oscillator approximation. Single-point calculation using the 6-311++G(2df,2p)
basis set®® were performed in the optimized structures in order to refine the electronic energy.

All calculations were performed with the Gaussian 16 suite of programs.°

6.3. Results and discussion
6.3.1. Polymerizations in presence of pyrocatechol

A number of radical polymerizations using either styrene, methyl acrylate or methyl
methacrylate were conducted using pyrocatechol as a model catechol-containing compound in

order to gain an insight into the reactivity towards radicals (see Table 6.1 for formulations). The
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monomer conversions of the experiments are presented in Figure 6.3. For easier interpretation

of the results, the results obtained for each monomer are presented in separate graphs.

Figures 6.3.A and 6.3.B show that the addition of pyrocatechol reduced the rate of
polymerization of styrene (S) and methyl acrylate (MA). This effect was particularly notable in the
polymerization of styrene, where 10 wt% of catechol decreased the monomer conversion from
~60 % to ~20 % after 6 h of polymerization. On the contrary, no retardation was observed during
the polymerization of methyl methacrylate when AIBN was used as initiator (Figure 6.3.C). It is
worth pointing out that even 50 wt% of catechol did not affect the polymerization kinetics of MMA
and in fact a slight increase in the polymerization rate can be observed in MMA-3 with 50 wt%
catechol due to the slightly higher molar concentration of monomer in the formulation. These first
results clearly revealed that the reactivity of radicals towards catechol depends heavily on the

nature of the propagating radical.
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Figure 6.3. Monomer conversions of the polymerizations carried out in the presence of varying amounts of
pyrocatechol in set 1 of reactions: (A) Runs S 1-3, (B) Runs MA 1-4, (C) Runs MMA 1-3 and (D) Runs MMA

4-5.

The importance of the initiating radical species was also explored by using lauryl peroxide
(LPO) instead of AIBN in the polymerization of MMA. First, in the reactions without catechol,
although the rate coefficient of initiator decomposition is slightly higher for LPO, the rate of
polymerization was actually slower when using LPO due to the lower molar concentration of this
initiator in the formulation. Then, Figure 6.3.D shows that, unlike reactions carried out with AIBN,

the polymerization of MMA initiated by lauryl peroxide (LPO) showed an inhibition period and
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retardation in the presence of pyrocatechol. These results suggest that pyrocatechol reacts with
oxygen centered radicals arising from the decomposition of LPO, which lowers the efficiency of

the initiation process, and therefore lowers the number of propagating radicals.

Coupled with changes in the polymerization rate there were significant differences in the
molecular weight distributions of polymerizations containing varying concentrations of catechol
as can be seen from the molecular weight distributions shown in Figure 6.4 and the values of Mn,
Mw and D presented in Table 6.5. Figures 6.4.A and 6.4.B show that the molecular weight of the
PS and PMA chains decreased with the catechol content, which indicates the occurrence of
chain transfer reactions. In addition, the decrease in the molecular weight observed for PS was
greater than for PMA, suggesting a higher amount of chain transfer events occurring during the

polymerization of S.

Moving to the polymerizations of MMA initiated by AIBN and LPO (see Figures 6.4.C and
6.4.D), the addition of catechol to the peroxide initiated system led to lower molar masses, whilst
the PMMA polymers synthesized using AIBN showed very similar molecular weight distributions.
Lower molecular weights in the LPO system is perhaps surprising since the lower rate of
polymerization in this reaction suggests lower concentrations of propagating radicals, which
would be expected to lead to higher molecular weights (less bimolecular termination). However,
if the phenoxy radicals generated by the reaction of pyrocatechol with LPO derived radicals do
not propagate but do undergo bimolecular termination with propagating radicals, lower rates of
polymerization would be coupled with lower molar masses, as observed experimentally. In the
MMAJ/AIBN system, even with 50 wt% of catechol the molecular weight of the polymer was not
affected, further indicating that the chain transfer events between methacrylate based radicals

and the catechols are negligible. In line with these findings, Haddleton and coworkers showed
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that the ATRP polymerization of MMA in presence of substituted phenols proceeded without any

evidence of chain transfer events with the phenolic hydroxyls.”
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Figure 6.4. Molecular weight distributions of the polymers produced in the presence of catechol in set 1 of

reactions: (A) Runs S 1-3, (B) Runs MA 1-4, (C) Runs MMA 1-3 and (D) Runs MMA 4-5.
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Table 6.5. Molecular weight number and weight averages and B values of the polymers produced in the

presence of pyrocatechol in set 1 of reactions.

Run Monomer Initiator c::l:iz;)l (& nl\:lgl_l) (& ::gl'l) 5]
S-1 S AIBN 0 12 000 46 400 3.9
S-2 S AIBN 5 3900 7 300 1.9
S-3 S AIBN 10 3300 5500 1.7
MA-1 MA AIBN 0 33300 94 400 2.8
MA-2 MA AIBN 5 32400 78 100 2.4
MA-3 MA AIBN 10 29 000 66 100 2.3
MA-4 MA AIBN 50 20300 38900 1.9
MMA-1 MMA AIBN 0 14 900 35100 2.4
MMA-2 MMA AIBN 10 16 900 37 600 2.2
MMA-3 MMA AIBN 50 15500 36 000 2.3
MMA-4 MMA LPO 0 37700 81800 2.2
MMA-5 MMA LPO 10 27 300 51900 1.9

In order to gain information about the nature of chain transfer reactions that may be
occurring during the polymerizations of S and MA in the presence of catechol, the microstructure
of the polymer chains was investigated using MALDI-TOF-MS. The spectra were interpreted on
the basis of the proposed reaction mechanisms presented in Scheme 11.3 of Appendix Il. The
mass spectra of the PS polymers produced in Runs S-1 (0 wt% pyrocatechol) and S-3 (10 wt%
pyrocatechol) in the range 2550-3050 Da are shown in Figures 6.5.A and 5.B respectively and
the species assigned in the figure are given in Table 6.6. The full spectra are shown in Figure
11.3 of Appendix Il for reference. Figure 6.5.A shows that in the absence of catechol, the main
species (species A) was the product of the termination by combination of growing chains initiated

by AIBN. In addition, there were species of lower intensity (species B) formed by either

264



Polymerizations in presence of pyrocatechol and catechol-containing monomers

disproportionation or chain transfer events (e.g. to toluene solvent). However, the absence of
toluene-initiated polymer chains suggests that the termination mechanism corresponding to the
species B was termination by disproportionation. The origins of peaks C and D are unclear but
may be attributed to the fragmentation of PS chains during MALDI-TOF-MS analysis as has
previously been observed.”*7? Peak E is assigned to polymer chains initiated by AIBN and
terminated by combination (similar to species A) with one methacrylonitrile (MAN) unit in the
polymer backbone. MAN is generated from the termination by disproportionation of two tertiary
radicals formed after the decomposition of AIBN® as shown in Scheme 1.4 in Appendix II.
Moving to Figure 6.5.B, in the presence of 10 wt% catechol the intensity of the species formed
by termination by combination decreased drastically (species A) and the main species was the
product of chains terminated via chain transfer reactions (species B). This alteration on the
intensity of the species indicated a change of the main termination mechanism of polystyrene in

the presence of catechol from termination by combination to chain transfer to pyrocatechol.

Run $-1: PS + 0%catechol B Run S-3: PS + 10%catechol
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Figure 6.5. MALDI-TOF-MS spectra (range: 2550-3050) of the PS polymers produced in Runs S-1 (part A)
and S-3 (part B) in presence of 0 wt% and 10 wt% pyrocatechol. The whole spectra are shown in Figure 1.3

Appendix Il.
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Table 6.6. Species assigned to the mass spectra of PS shown in Figure 6.5.

signal Species Termination Species type Molar mass of Ag
& P mechanism (Sch. 11.3, 11.4) adduct (g/mol)
A AIBN-S,-AIBN Combination | 2639 £ nl104
AIBN-S-2x and . . . 2675 +n104 /
B AIBN-S,-H Disproportionation v/l 2677 + n104
B AIBN-Sp-H Chain transfer I 2677 £ nl104
Fragmentation during
-Sn- +
C AIBN-S,-(+methylene) MALDI analysis 2689 + n104
Fragmentation during
-Sn-(- +
D AIBN-S,-(-methylene) MALDI analysis 2663 +n104
E AIBN-S,-MAN-AIBN Combination | 2602 £ n104

The mass spectra in the 3500-3850 range of the PMA polymers synthesized in Runs MA-
1 (0 wt% pyrocatechol) and MA-4 (50 wt% pyrocatechol) are presented in Figures 6.6.A and
6.6.B, respectively. The full spectra are shown in Figure 1.4 in Appendix Il. The species
highlighted in Figure 6.6 are attributed to the structures shown in Table 6.7. In the polymerization
of MA, the main species formed both in absence and presence of catechol were chains initiated
by AIBN radicals and terminated by chain transfer (species A). Note that although this peak may
be linked to termination by disproportionation, peak A is accompanied by a signal of similar
intensity which is attributed to chains initiated by toluene (species B). This suggests that the
predominant termination mechanism was chain transfer to solvent. Additional peaks of lower
intensity (species D and E) were also observed that may be attributed to $-scission reactions of
midchain radicals arising from chain transfer to polymer reactions.”*’® In the absence of catechol
(Figure 6.6.A) it was possible to detect the species related to termination by combination of
radicals (species C) whilst this species was not visible in the spectrum of the polymer produced
in presence of 50 wt% catechol. In addition, in the presence of catechol, the relative intensity of

the AIBN initiated species (species A) compared to the toluene initiated species (species B)
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increased. Although MALDI-TOF is not a precise quantitative technique, this increase in the
intensity of the AIBN-MAn-H peak could be explained by the occurrence chain transfer to catechol

which competes with chain transfer to toluene.

A Run MA-1: PMA+ 0%catechol B Run MA-4: PMA+ 50%catechol
1000
~~ 750
3
o
_a. 500 +
‘@
3
E 250
04
3500 3800 3700 3800 3500 3600 3700 3800

m/z m/z

Figure 6.6. MALDI-TOF-MS spectra (range: 3500-3850) of the PMA polymers produced in Runs MA-1 (part
A) and MA-4 (part B) in presence of 0 wt% and 50 wt% pyrocatechol. The whole spectra are shown in Figure

11.4 in Appendix II.

Table 6.7. Species assigned to the mass spectra of PMA shown in Figure 6.6.

Signal Species Termination Species type Molar mass of Na
9 p mechanism (Sch. 11.3) adduct (g/mol)
A AIBN-MA--H Chain transfer 1l 3620 + n86
B Toluene-MA,-H Chain transfer 1] 3643 + n86
C AIBN-MA.-AIBN Combination | 3601 + n86

Intramolecular chain
D AIBN-MA,-2x transfer + B-scission \Y 3632 + n86
E Toluene-MA,-2x | Intramolecular chain v 3655 + n86
transfer + B-scission
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From the analysis of the microstructure, it can therefore be concluded that the addition of
catechol to the polymerization of styrene and methyl acrylate leads to an increase in the extent
of chain transfer reactions. These chain transfer events explain the decrease in the average
molecular weights of the polymers with increasing catechol content. In addition, it is worth
mentioning that no catechol-initiated chains were detected in the mass-spectra of the polymers.
Thus, according to these results, the phenoxyl radicals formed via chain transfer to catechol do
not reinitiate the polymerization and chain transfer to catechol can be classified as a degradative
chain transfer mechanism. Therefore, chain transfer to catechol results in a decrease in the
propagating radical concentration which would explain the retardation of the monomer

conversion observed in the kinetic study of the first part of the work.

6.3.2. Determination of chain transfer constants with pyrocatechol

The combination of the parameters studied so far indicated that the reactivity of the
monomers towards catechol increased in the order methacrylate << acrylate < styrene. In order
to get quantitative information about the extent of chain transfer events during the
polymerizations, the chain transfer constants of S, MA and MMA with pyrocatechol were
determined using the Mayo equation for polymers synthesized at low conversion in the presence
of varying amounts of pyrocatechol.”® The Mayo equation (Equation. 6.1) expresses the change
in the number average degree of polymerization (DPn) with the chain transfer agent / monomer
concentration ratio ([catechol]/[M]). In Eq. 6.1 DPno represents the number average degree of
polymerization of the polymer in the absence of CTA. The chain transfer constant (C+r), defined
in Equation 6.2 as the ratio between the chain transfer (ky) and propagation rate coefficients (kp),

is obtained from the slope of the Mayo plot.

1 1 [catechol]
—_ = TR————

DPy  DPpg [M] Equation 6.1
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Crg = ';—: Equation 6.2

The Mayo plots with the experimental data fitted to the Mayo equation are shown in Figure

6.7, and the values of the chain transfer constants obtained from the Mayo plots are presented
in Table 6.8. In agreement with the previous results, styrene showed the highest chain transfer
constant with catechol (Ctr = 0.28), methyl acrylate showed a chain transfer constant two orders

of magnitude lower (Ctr = 0.0075) and methyl methacrylate did not show a measurable change

in the degree of polymerization up to 50 wt% pyrocatechol.
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Figure 6.7. Mayo plots for the determination of the chain transfer constants with catechol: (A) S-catechol

pair, (B) MA-catechol pair and (C) MMA-catechol pair.

Table 6.8. Chain transfer constants of S, MA and MMA with pyrocatechol.

Monomer Crr with pyrocatechol
S 0.2752
MA 0.0075
MMA -

Comparing the chemical structure of MMA and MA, the only difference is in the methyl

group attached to the carbon where the radical is located. These results suggest that the
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relatively high stability of the tertiary radicals formed in the methacrylate reduces the rate of chain
transfer reactions with pyrocatechol. The reduction in the reactivity of the radicals towards
catechol from acrylates to methacrylates was also observed for the polymerization of acrylamide
and methacrylamide in water. It is shown in Table 6.9 that the addition of =10 wt% catechol to
the polymerization reduced the molecular weight of the polyacrylamide chains by roughly 2.5
times, while the molecular weight of the polymethacrylamide chains remained essentially

unaltered by the presence of pyrocatechol.

Table 6.9. Molecular weight of the PAM and PMAM polymers produced in presence of 0 and =10 wt%

pyrocatechol in set 3 of reactions.

Run M (kg mol?) Muw (kg mol?) 1)
AM-1 1601 2365 1.48
AM-2 605 982 1.62

MAM-1 89 159 1.78
MAM-2 104 135 1.30

6.3.3. Theoretical calculations

In order to have a better fundamental understanding of the different reactivity of radicals
with pyrocatechol, the hydrogen transfer reaction to a styrene, methacrylate and acrylate radical
(termination mechanism B, Scheme 11.3) was investigated using density functional theory (DFT).
The reaction profiles corresponding to these reactions are presented in Figure 6.8. First,
comparing the energy difference between the products and the reactants for the three radical
types, it can be seen that the energy gap increased in the order methacrylate < styrene < acrylate
(-3.74, -7.31 and -11.42 kcal/mol, respectively). This means that hydrogen abstraction is

thermodynamically less favorable for a methacrylate. Second, looking at the activation energies
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of the reactions, namely the energy differences between the reactant complexes and the
transition states (represented with vertical arrows), the methacrylate radical showed the highest
activation energy (16.00 kcal/mol) and S and MA showed lower and very similar activation
energies (12.28 and 11.89 kcal/mol, respectively). Thus, the energy barrier for the hydrogen
transfer reaction was the highest for MMA, indicating a lower rate for the hydrogen transfer
reaction to a MMA radical, in agreement with the experimental results shown above. The
difference between MMA and MA can be ascribed to the geometrical structure of the transition
state. In the case of the MA, the transition state resembles the reactants (early transition state?’),
facilitating the molecular rearrangement to surpass the reaction barrier. In contrast, for MMA the
transition state takes place later, with geometrical features of the products more developed. It
may be noted that although the calculated activation energies for the transfer reactions with
styrene and methyl acrylate are similar, as the rate coefficient for propagation is substantially
higher for methyl acrylate than for styrene, the chain transfer constant would be expected to be

lower in the case of methyl acrylate, in agreement with the experimental results.
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Figure 6.8. Reaction profiles obtained by DFT calculations for the hydrogen transfer reaction to a styrene

(green), acrylate (black) or methacrylate (red) radical.

6.3.4. Copolymerization of catechol containing monomers

The difference in the reactivity of the propagating radicals with catechol suggests that in
polymerizations incorporating catechol functional monomers, both the main monomer and the
nature of the polymerizable moiety on the catechol functional monomer are important. To explore
this, a series of copolymerizations were carried out varying both the nature of the main monomer
(methacrylate, acrylate or styrene-type) and the nature of the catechol monomer (vinyl catechol

or dopamine methacrylamide).
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6.3.4.1. Effect of the solvent

Dimethylformamide (DMF) was chosen as polymerization medium for being a good
solvent for all the components including the catechol monomers. The reactivity of the functional
groups can change depending on the interactions with the solvent,”® and thus, the effect of the
solvent on the reactivity of catechol as CTA was first analyzed by comparing the polymerization
of styrene in presence of catechol in toluene or DMF. Figure 6.9.A shows that, the addition of 8
mol% (= 8.5 wt%) pyrocatechol to the polymerization in DMF (Run 11) led to a decrease in the
polymerization rate of S. However, while the addition of 10 wt% catechol to the polymerization
of S in toluene decreased the monomer conversion from 60 to 20 % after 6 h polymerization
(Run S-3, see Figure 6.3.A), the addition of 8.5 wt% catechol to the polymerization of S in DMF
only decreased the conversion of S from 35 to 27 %. Moreover, in the polymerization in DMF,
the addition of catechol only caused a slight decrease in the molecular weight of PS (see Figure
6.9.B). The lower activity of catechol in DMF solution can be ascribed to the stabilization of the
hydroxyl groups of catechol via H-bonding with the carbonyl groups of DMF. Similar findings
were described by Takeshima et al., where the strong H-bonds between the phenol and the
acetonitrile solvent prevented the side reactions and allowed the cationic polymerization of
catechol bearing vinyl monomers.” Thus, the use of polar solvents with strong H-bond acceptor

appears to facilitate the (co)polymerization of catechol-containing monomers.
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Figure 6.9. Influence of catechol on the polymerization of S in DMF: (A) monomer conversion and (B)

molecular weight distribution (MWD).

6.3.4.2. Effect of the nature of the main monomer

To investigate the effect of the nature of the main monomer, the copolymerization of DMA
with 2-methoxyethyl methacrylate (2-MOMA), 2-methoxyethyl acrylate (2-MOA) and styrene (S)
was investigated. 2-MOMA and 2-MOA were selected as model (meth)acrylates for the
polymerizations due to their widespread use in the literature in copolymerization with catechol
functional monomers.81%8 The conversion of the 2-MOMA, 2-MOA and S in the
(co)polymerizations is compared in Figure 6.10 while the individual monomer conversions in
each reaction are reported in Figure I1.7. in Appendix Il. Figure 6.10 shows that the incorporation
of 15 mol% DMA did not influence the monomer conversion of 2-MOMA, but caused a slight
decrease in the polymerization rate of 2-MOA. In the case of S, the addition of only 8 mol% DMA
caused a slow down in the polymerization similar to the retardation observed with the addition of
8 mol% catechol, which suggests that S is sensitive to the presence of DMA monomer, even
though it contains a methacrylamide-type polymerizable group. These results are in general
agreement with the previous sections but it should be noted that the effect of catechol on the
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polymerizations was less pronounced due to the solvent stabilization effect. In addition, in the
copolymerization of catechol containing monomers, it should be noted that any changes in rate
can be related to either reaction with the catechol or due to changes in the average propagation

rate coefficient.
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Figure 6.10. Influence of DMA on the copolymerization with 2-MOMA, 2-MOA and S. Conversion of (A) 2-

MOMA in Runs 1-2, (B) 2-MOA in Runs 3-4, (C) S in Runs 5-6.
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The molecular weight distribution of the polymers were measured to investigate the extent
and effect of the chain transfer reactions with the catechol units during the polymerization. The
final molecular weight distributions (MWDs) of the polymers are compared in Figure 6.11 and the
time evolution of the molecular weight distributions in Runs 1-6 is shown in Figure 11.8 in Appendix
1. It is worth noting that the peak at very low molar masses that is seen in the reactions containing
DMA is DMA monomer that is not removed from the system. The comparison of the final MWDs
of the polymers with and without DMA in Figures 6.11.A-C, shows that the incorporation of DMA
comonomer did not significantly influence the final MWD for any of the three monomer systems.
These results were reasonable since the addition of catechol to the polymerization of S in DMF

did not influence considerably the final MWD of the polymer.

The time evolution of the MWDs presented in Figure 11.8 shows the molecular weight
distributions got broader as the polymerization proceeded. In the case of the copolymerization
of DMA with styrene, the molecular weight of the polymer shifted to higher molar masses with
increasing time (see Figure 11.8.F1) which is likely a result of the higher initial rate of consumption
of styrene relative to DMA as can be seen from the individual monomer conversion plots in Figure

11.7.F which leads to a significant composition drift during the experiment.
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Figure 6.11. Molecular weight distributions obtained with the RI detector for (A) P(2-MOMA) in Runs 1-2, (B)

P(2-MOA) in Runs 3-4 and (C) PS in Runs 5-6.

To further investigate any additional termination processes in these reactions the
microstructure of the (co)polymers was investigated by MALDI-TOF to gain information about
the termination mechanisms during the reactions. The 1800 — 2200 Da range mass spectra of
the (co)polymers produced in Runs 1 and 2 are presented in Figure 6.12 and the description of
the species marked in the figure is given in Table 6.10. Figure 6.12 shows that the main
termination mechanism in the P(2-MOMA) (co)polymers produced in Runs 1 and 2 was

termination by disproportion (signals A+B). Although the chains terminated by disproportionation
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and chain transfer give an overlapping peak in the MALDI spectra, the isotopic distribution of
signals A and B in Run 1 shown in Figure I1.6 indicates that the chains were indeed terminated
by disproportionation. In addition, a small fraction of species terminated by combination were
detected (signal C). In the case of the copolymerization with DMA a number of additional peaks
could be observed which are attributed to the copolymer with varying number of DMA units
(signals D-H). This indicates that DMA copolymerized homogeneously with 2-MOMA without any

additional termination/transfer issues as expected based on the results in the first part of the

work.
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Figure 6.12. 1800-2200 Da range MALDI-TOF-MS spectra of (A) Run 1 — 2-MOMA, (B) Run 2 — 2-MOMA +

DMA. Whole spectra are shown in Figures 11.5.A and I1.5.B.
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Table 6.10. Species assigned to the mass spectra of P(2-MOMA) (co)polymers presented in Figure 6.12.

Signal Species Termination Species type  Molar mass of Na
9 P mechanism (Sch. I.3) adduct (g/mol)
A AIBN-2MOMA,-H Chain transfer / I/ 1821 + n144
disproportionation

B AIBN-2MOMA,-2x Disproportionation v 1819 + nl144

C AIBN-2MOMA,-AIBN Combination | 1888 + n144

D | AIBN-2MOMA,-DMA,-H | Chain transfer/ i 1898 + n144
disproportionation

E AIBN-2MOMA,-DMA,-H |  Chain transfer / i 1831 + n144
disproportionation

AIBN-2MOMA,-DMA,-H Chain transfer / n/m 1908 + n144
disproportionation

G | AIBN-2MOMA,-DMA,-H | Chain transfer/ I 1841 + n144
disproportionation

AIBN-2MOMA,-DMAs-H d.Cha'” transfer / I 1918 + n144
|Spr0p0rt|onat|0n

The mass spectra of the P(2-MOA) (co)polymers are shown in Figure 6.13. Due to the
complexity of the spectra, only the main species are marked in Figure 6.13 and assigned in Table
6.11. The analysis of the spectra shows that the main termination mechanism for the acrylates
was termination by chain transfer (peak A). A number of other peaks including that arising from
transfer to solvent (peak B), as well as peaks arising from chain transfer to polymer and (3-
scission reactions (peaks E and F) were also detected. In the copolymerization the same peaks
but with additional DMA units incorporated into the structure can be observed (labelled A* and
A** in Figure 6.13). In the absence of DMA, evidence for termination by combination was also
observed. However, the comparison of the spectra revealed that no species were formed from
termination by combination in presence of DMA (signal C), which indicated a slight increase of

chain transfer events in the presence of catechol.
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Figure 6.13. 1800-2200 Da range MALDI-TOF-MS spectra of (A) Run 3 — 2-MOA, (B) Run 4 — 2-MOA +

DMA. Whole spectra are shown in Figures 11.5.C and 11.5.D.

Table 6.11. Main species assigned to the mass spectra of P(2-MOA) (co)polymers presented in Figure 6.13.

280

Molar mass of

. . Termination Species type
Signal Species mechanism (Sch. 11.3) Na adduct
(g/mol)

A AIBN-2MOA-H Chain transfer 1l 1914 + n130
B DMF-2MOA-H Chain transfer 1l 1918 + n130
C AIBN-2MOA,-AIBN Combination | 1851 + n130
D AIBN-2MOA,-2x Intramolecular chain v 1926 + n130

transfer + 3-scission
E H-2MOA,-2x Intramolecular chain Vi 1844 £ 130

transfer + B-scission

Initiating radical from
B-2MOA-H B-scission + chain 11 1833 + n130

transfer

A* AIBN-2MOA,-DMA;-H Chain transfer 1l 1875 + n130
B* DMF-2MOA,-DMA;-H Chain transfer 1l 1879+ n130
A** AIBN-2MOA,-DMA,-H Chain transfer 1l 1836 + n130
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Lastly, the MALDI-TOF-MS spectra for the reactions using styrene are shown in Figure
6.14. Unlike the other monomers where there were limited observable differences, in the case of
styrene substantial differences between the two polymers could be observed. When
homopolymerized, the MALDI spectra showed the predominant formation of chains terminated
by combination (peak A), as well as a fraction of chains terminated by disproportionation (peak
B). When copolymerized with DMA, as well as the appearance of a copolymer with one and two
DMA units (peaks C* and D), the peak corresponding to termination by combination decreased
drastically suggesting the addition of DMA switched the main termination mechanism from

combination (signal A) to chain transfer/disproportionation (signals B and C*).
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Figure 6.14. 1800-2200 Da range MALDI-TOF-MS spectra of (A) Run 5 - S, (B) Run 6 — S + DMA. Whole

spectra are shown in Figures II.5.E and 11.5.F.

281



Chapter 6

Table 6.12. Species assigned to the mass spectra of PS (co)polymers presented in Figure 6.14. Signal C*

only corresponds to Figure 6.14.B.

Signal Species Termination Species type Molar mass of Ag
9 P mechanism (Sch. 11.3) adduct (g/mol)
A AIBN-S,-AIBN Combination | 1806 + n104
B AIBN-S,-H Chain transfer / I/ 1843 + n104

disproportionation

c AIBN-S,-(+ methylene) Fraﬁ?fgtla;fglé‘fgng - 1855 + n104

Chain transfer /

disproportionation /i 1856 £ n104

C* AIBN-S,-DMA;-H

Chain transfer /

. - . I/ 1869 + n104
disproportionation

D AIBN-S,-DMA-H

6.3.4.3. Effect of the nature of the catechol monomer

Since methacrylates were the least affected radicals by the presence of catechol, 2-
MOMA was selected as main monomer to investigate the effect of the nature of the catechol
functional monomer. The conversion of 2-MOMA in the absence, or presence of 15 mol% DMA
and 8 mol% VC is compared in Figure 6.15.A. As mentioned above, the incorporation of 15 mol%
DMA in Run 2 did not influence the polymerization rate of 2-MOMA due to the low reactivity of
methacrylate and methacrylamide radicals with catechol. However, the addition of 8 mol% VC to

the polymerization of 2-MOMA in Run 7 slowed down significantly the copolymerization rate.

This decrease in the rate of polymerization may be related to the lower propagation rate
of the VC monomer (styrene type double bond)® or to chain transfer events with catechol. In
order to separate and understand the contribution of each functionality, 2-MOMA was also
polymerized in presence of pyrocatechol and/or styrene in Runs 8-10. The conversion of 2-
MOMA in these reactions is presented in Figure 6.15.B. First, the addition of pyrocatechol in Run

8 did not influence the polymerization kinetics of 2-MOMA as previously observed with MMA.
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Then, the addition of S to the polymerization in Run 9 decreased the polymerization rate of 2-
MOMA due to the lower propagation rate coefficient of S. The further addition of pyrocatechol to
the copolymerization of 2-MOMA and S in Run 10 did not cause an additional decrease in the
polymerization rate of 2-MOMA. These results suggested that the main contributor to the
decrease in the polymerization rate observed in Run 7 was the copolymerization of a styrene-
type monomer. Although the retardation in Run 7 using VC was greater than in Run 10 combining
S and pyrocatechol, this may simply be the result of a lower k, of VC as compared to styrene, or

due to additional transfer events.
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Figure 6.15. (A) Influence of DMA and VC on the copolymerization with 2-MOMA. (B) Influence of VC,

catechol and S on the copolymerization with 2-MOMA in Runs 1, 7-10.

While as commented above, the addition of DMA had no effect on the molecular weight
distribution, the addition of VC to the polymerization of 2-MOMA led to a broad MWD shifted to
lower MW values. The time evolution of the MWDs in Run 1 (2-MOMA) and Run 7 (2-MOMA +
VC) presented in Figure 6.16 shows that in the presence of VC, low molecular weight chains of
around 1000 g/mol were generated early in the reaction when the conversion of VC was higher

than the conversion of 2-MOMA. It is shown in Figure 11.7.G that after 2.5 hours of polymerization
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the conversions of VC and 2-MOMA were 70 and 30 % respectively. Very likely, the relatively
high fraction of VC radicals at low reaction times increased the sensitivity of the polymerization
towards the presence of catechol and led to low molecular weight polymer chains as a result of
chain transfer events between styrene-type radicals and catechol moieties. Then, after the
consumption of VC, the polymerization of the remaining 2-MOMA led to higher molecular weight
polymer chains and the P(2-MOMA/VC) copolymer obtained at the end of the reaction presented
a very broad MWD. In addition, comparing the MWDs obtained with the Rl and UV detectors, the
distribution obtained with the UV detector was shifted to lower MWs, which indicates that the low
molecular weight polymer chains were richer in VC. The MALDI-TOF-MS spectrum (Figure 6.17)
indicates the incorporation of VC into the polymer but do not show any evidence of a change in
transfer mechanisms due to the primary termination mechanism of methacrylates being

termination by disproportionation in any case.
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Figure 6.16. Time evolution of the weight distributions in (A) Run 1 — 2-MOMA with the RI detector, (B) Run

7 — 2-MOMA + VC with the RI detector and (C) Run 7 — 2-MOMA + VC with the UV detector.
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Run 3: 2-MOMA + VC (t=5h)
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Figure 6.17. 1800-2200 Da range MALDI-TOF-MS spectra of the polymer produced in Run 7 — 2-MOMA +

VC after 5 hours of reaction. Whole spectra are shown in Figure I.5.G.

Table 6.13. Species assigned to the mass spectra of the P(2-MOMA) (co)polymer presented in Figure 6.17.

L . Molar mass of
Signal Species Termination Species type Na adduct
mechanism (Sch. I1.3) (g/mol)
Chain transfer /

A AIBN-2MOMA-H disproportionation /1 1821 + n144
[ AIBN-2MOMA,-VC;-H dqmm”mwmﬂ n/m 1957 + n144
isproportionation
J AIBN-2MOMA,-VCy-H Chain transfer / I/ 1949 + n144
disproportionation
Chain transfer /

K AIBN-2MOMA,-VC;-H disproportionation /1 1941 + n144
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6.4. Conclusions

In this work, the reactivity of catechols with common monomer systems used in free
radical polymerization has been explored. A systematic study of the polymerizations in the
presence of pyrocatechol revealed that for styrene and acrylic monomers chain transfer to
catechol leads to a reduction in the rate of polymerization and a decrease in the molecular weight.
In the presence of DMF, a polar solvent capable of hydrogen bonding with catechols, the
influence of the catechol on the polymerizations was significantly reduced. For methacrylic
monomers, even when the catechol was present in large amounts (50 wt%) there was no
measurable effect on the rate of polymerization of molecular weight distribution. Based on
experimental results with methacrylamide it appears this result can be generalized to

methacrylamide type monomers as well.

Similar behavior was also seen in copolymerizations which allows to make some general
comments on the possibility for (co)polymerization of catechol-containing monomers. First, the
choice of co-monomer is critical when using non-polar solvents. Methacrylate and
methacrylamide based radicals are essentially unreactive towards catechol and therefore
monomers containing these functional groups are the best choice. While the use of acrylic
monomers is feasible, in large quantities catechols will retard the polymerization and result in
lower molecular weight polymers. In contrast to these two systems, styrene readily undergoes
chain transfer to catechol, and therefore both conversion and molecular weights are limited.
These monomer-based effects are also applicable to the choice of catechol containing monomer
and therefore the most suitable monomers are those such as dopamine
methacrylamide/methacrylate which are less reactive towards the catechol moiety. Styrenic type
catechol containing monomers such as vinyl catechol suffer from two issues. First, the type of

radicals that are generated appear to lead to increased rates of transfer to catechol. Second, the
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rate coefficient of propagation of styrenic-type monomers is low, such that polymerizations are
retarded. The effects of chain transfer to catechol can be mitigated by the use of polar solvents
with strong H-bond acceptor groups such as DMF which stabilize the aromatic hydroxyl groups
of catechol and decrease the rate of chain transfer reactions to catechol. This allows for the
successful polymerization of most systems, even those that contain a substantial fraction of
styrene type double bonds that cause issues for polymerizations conducted in apolar solvents.
These results demonstrate that through appropriate selection of monomers and reaction
conditions, catechol containing monomers can be readily incorporated into polymers made by

free radical polymerization.
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Chapter 7. Catechol-containing copolymers as

water-soluble H-bond donors

7.1. Introduction

The acidic nature of phenolic hydrogens has led to the fairly widespread use of phenol
(or catechol) containing molecules to physically crosslink polymer networks.-8 For example, in
Chapter 4 it was shown that the addition of the natural occurring polyphenol tannic acid (TA) to
acrylic polymer dispersions with H-bond acceptors such as pyrrolidone groups is an efficient
approach to prepare microstructured materials with enhanced mechanical strength. While the
use of naturally occurring polyphenols is desirable in many respects, it leaves little scope for
controlling the properties and therefore in this chapter we seek to exploit the knowledge gained
in Chapter 6 in the production of synthetic catechol-containing water-soluble copolymers for
reinforcing the mechanical properties of latex dispersions. The use of catechol-containing
copolymers as synthetic substitutes of TA offers the opportunity to tune and adjust the properties
of the water-soluble H-bond donor by designing the copolymer architecture. For example, varying
the nature and ratio of the monomers employed for the synthesis it is possible to easily modulate
the Tyg>1%and hydrophilicity!*1? of the copolymers and the molecular weight of the polymer chains
can be adjusted adding chain transfer agents to the polymerization.*3-%6 In addition, the use of
(meth)acrylate-type copolymers as water-soluble donors could contribute decreasing the water-
sensitivity and final color of the polymer films due to the relatively low content of hydrophilic and
photo-active phenol groups in the structure of the copolymer compared to TA. Thus, the objective

in this chapter was to synthesize catechol-containing water-soluble H-bond donors and use them
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in combination with pyrrolidone-containing acrylic dispersions for the production of stiff polymer

films.

The work in Chapter 6 has shown that the polymerizations of (meth)acrylate and
(meth)acrylamide type monomers are minimally affected by the presence of catechols.
Accordingly, dopamine methacrylamide (DMA, chemical structure shown in Figure 7.1) was
selected in this chapter as catechol-containing monomer and methacrylate and acrylamide type
monomers were used as comonomers for the synthesis of the copolymers. Dimethyl formamide
(DMF) was used as solvent for the polymerizations since the results showed in Chapter 6
indicated that the chain transfer reactions to catechol are minimized when polar H-bond acceptor

solvents such as DMF are used.

H
N OH
0]
OH
Dopamine methacrylamide

(DMA)

Figure 7.1. Chemical structure of dopamine methacrylamide (DMA).

DMA and the PDMA homopolymer are insoluble in water. Thus, to enhance the solubility
in water of the catechol-containing copolymers, three different hydrophilic monomers were
copolymerized: methacrylic acid (MAA), short chain poly(ethylene glycol) methacrylate (PEGMA)
and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS). The chemical structures of the

water-soluble monomers are shown in Figure 7.2.
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oot Wﬁ%%@} AT
6 H
MAA PEGMA AMPS

Figure 7.2. Chemical structures of methacrylic acid (MAA), poly(ethylene glycol) methacrylate (PEGMA) and

2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS).

Acrylic acid (AA) and methacrylic acid (MAA) are hydrophilic pH sensitive monomers with
a pka around 4.5 commonly used in small fractions (= 1 wt% of the monomers) in emulsion
polymerization to enhance the colloidal stability’®-2? and adhesion of the polymer dispersions.?324
The addition of these hydrophilic monomers to emulsion polymerization can lead to the formation
of microstructured particles with (M)AA-rich hard shells (Tg,pmaa= 227 °C?% and Tg,paa= 105 °C?%)
that enhance the mechanical strength of the films prepared from these dispersions.?’-2° MAA
and AA are also commonly used in combination of hydrophobic monomers for the synthesis of
Alkali Soluble Resins (ASRs), low molar mass and pH sensitive copolymers used as electrosteric

stabilizers in (mini)emulsion polymerization.30-3%

Polyethylene glycol (PEG) also called polyethylene oxide (PEO) is a water-soluble
polymer used in a wide variety of applications including drug carrier in pharmacological
applications, 3637 solid state polymer electrolyte in batteries3®4° or non-ionic surfactant in
cosmetics and detergents.*#? In the field of waterborne adhesives and coatings, PEG is
recurrently used to enhance the hydrophilicity of the crosslinkers, which allows their subsequent
addition to the aqueous polymer dispersions as water solutions/dispersions.**-*8 The physico-
chemical properties of PEG highly depend on the molecular weight: PEGs with molecular weights

below 700 g/mol (< 16 monomer units) are liquids at room temperature, PEGs in the range of
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700 — 2000 g/mol (16 — 45 units) are soft solids and PEGs with MWs above 2000 g/mol are hard

crystalline solids with a Ty around - 22 °C and a Twm of 63 °C.%"

2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPS) is a water-soluble ionic monomer.
Similar to (meth)acrylic acids, AMPS and other sulfonate monomers are used in emulsion
polymerization to provide electrostatic stabilization to the polymer colloids.**-%5 Compared to
carboxylic acids, sulfonates have much lower pKa values (pKa of para-toluene sulfonic acid is

around — 2.7)%8 and display a higher stability over a wide range of temperature and pH.*%:50

In this work, three types of copolymers with catechol groups were synthesized using the
three water-soluble monomers. Then, aqueous solutions of the copolymers were combined with
acrylic polymer dispersions functionalized with 5 wt% NVP and the appearance, mechanical
properties, morphology and water-sensitivity of the films cast from these blends was analyzed.
The schematic representation of the system is given in Figure 7.3 and the pyrrolidone — catechol

H-bond is shown in Figure 7.4.
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H-bond acceptor polymer particles

®:® -®) ® NVPTMMA,,KE.ASD
@l ® @ tw ;\
® _® @ @ K ”«Ts\fﬁ\
P P [0) A ~ )=0 /=0
‘@mﬁ@(ﬂ * @’éﬁw » @ T\ Q@f@ 2 O:ﬁi‘]o Or
& - @ & @ b (S
_}< ® ® Q, )g ® A) pyrrolidone /
@ < @ . {
p ® ® p ® ° N
®@—«,3v@ ® 0 ®@—rg/® 5 @ /
® © ®
 B—@) PO
55,‘) q‘@ ,A\“> o Water-soluble H-bond donor
9. ©%0®bg %‘.\‘A
® ° %r @@m :’ “"3 ® Asé DMA,-MMA;s-MAA,;  DMA5-PEGMAz;  DMAg-AMPS,,
B ® Vo O-a®
Y * ® O J«\J& J;F\/}
\ 2
(® 10 85 \50
oY %
CH; H
I~
®( )
HO L
DMA_MAA DMA_PEGMA DMA_AMPS

Figure 7.3. Schematic representation of the system composed of polymer particles with 5 wt% NVP and
water-soluble catechol-containing copolymers. In the scheme, the subscripts after the monomer units

express the weight % of the monomers used for the synthesis.
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Figure 7.4. H-bond between a pyrrolidone and a hydroxyl of catechol.

301



Chapter 7

7.2. Experimental part
7.2.1. Materials

Methyl methacrylate (MMA, technical grade, Quimidroga), butyl acrylate (BA, technical
grade, Quimidroga), N-vinyl pyrrolidone (NVP, >99 %, Sigma Aldrich), methacrylic acid (MAA,
95.5 %, Acros Organics), poly(ethylene glycol) methacrylate (PEGMA, Mn = 360 Da, Sigma
Aldrich), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS, BASF), ammonium persulfate
(APS, 298 %, Sigma Aldrich), 2,2'-Azobis(2-methylpropionitrile) (AIBN, >98 %, Sigma Aldrich),
sodium bicarbonate (NaHCOs, Sigma Aldrich), n-dodecanethiol (DSH, 297 %, Sigmal Aldrich),
n-butanethiol (BSH, 97 %, Fluka), 2-ethylhexyl thioglycolate (EHTG, BASF), dimethyl formamide
(DMF, 299.8 %, Sigma Aldrich) and diethyl ether (synthesis grade, Scharlau) were used as
received. Dowfax 2A1 was kindly supplied by Dow Chemical Company. Deionized water was
used as polymerization media in the emulsion polymerizations. The DMA used in Runs 1-4 was
synthesized based on the procedure described by Xu et al®” (see Appendix Il.1 for the
experimental details of the monomer synthesis) and the DMA used in Run 5 was purchased from

Arkema.

7.2.2. Synthesis of polymer dispersions

Polymer dispersions with 0 and 5 wt% NVP were prepared by seeded semibatch emulsion
polymerization following the polymerization process described by Haddock et al.>® The
formulations used for the synthesis are presented in Table 7.1. 0 wt% NVP was used in Latexes
1 and 13, and 5 wt% NVP was copolymerized in Latexes 2 and 14. Latexes 1 and 2 were
synthesized in UPV/EHU and Latexes 13 and 14 were synthesized in BASF. The reactions were
carried out in glass reactors stirred with an anchor type mechanical stirrer at 200 rpm, 70 °C and

N2 atmosphere. The synthesis of these latexes was already described in Chapter 2 for Latexes
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1-2 and Chapter 4 for Latexes 13-14 and the reader is referred to those chapters for more

experimental details.

Table 7.1. Formulations employed for the synthesis of the polymer dispersions with 0 and 5 wt% NVP in runs

Latex 1, 2, 13 and 14. *The latexes synthesized in BASF are marked with an asterisk (*).

F.M. MMA BA DSH H,0  Dowfax APS NaHCO;
(9) (9) (9) (9) (9) (9) (9) (9)

— | Seed - 10 10 - 160 4.28 0.267 1
du F1 . y y - 37.3 2.38 1.333 -
T R
- o F2 - 90 90 0.18 - - - -
~ g Seed NVP 1 9 10 - 160 4.28 0.267 1
3z F1 . y y - 37.3 2.38 1.333 -
<
—ip F2 NVP 9 81 90 0.18 - - - -
L s Seed - 20 20 - 320 8.6 0.56 2
D ¥ -
gy A . - - - 74 48 2.7 -
— N

S| k2 - 180 180 0.36 - - - -

o | Seed NVP 2 18 20 - 320 8.6 0.56 2
x . >
Q %
£852] FL . - - - 74 4.8 2.7 -
- >

| F2 NVP 18 162 180  0.36 - - - -

7.2.3. Synthesis of catechol-containing water-soluble copolymers

The copolymers were produced by batch free radical polymerization in DMF. The catechol
groups were incorporated to the polymer chains through the copolymerization of dopamine
methacrylamide (DMA). In addition, three different hydrophilic monomers were used to provide
water-solubility to the polymer chains: MAA, PEGMA and AMPS. The copolymers were named
according to the hydrophilic monomer used to make the polymer chains soluble in water:
DMA_MAA, DMA_PEGMA and DMA_AMPS. In addition, two analogous copolymers without

catechol units were produced as reference, which were named as blank_MAA and
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blank_PEGMA. The formulations used for the synthesis of the copolymers are shown in Table

7.2.

Table 7.2. Formulations employed for the synthesis of the catechol-containing water-soluble copolymers.

Run Copolymer DMA | DMA MMA MAA PEGMA AMPS BSH EHTG DMF AIBN
(wt%e) | (9) () @) @) @) @) @) () @)

1 Blank_MAA 0 0 6 2 - - 0.1 - 32 0128

2 DMA_MAA 10 0.8 5.2 2 - - 0.1 - 32 0128

3 | Blank_PEGMA 0 0 - - 8 - 0.1 - 32 0128

4 DMA_PEGMA 15 1.2 - - 6.8 - 0.1 - 32 0128

5 DMA_AMPS 80 8 2 - - - - 0125 40 0125

The copolymers produced in Runs 1-4 with MAA and PEGMA were synthesized in
UPV/EHU using 1.6 % weight based on monomers (wbm) of AIBN as thermal initiator and 1.25
% wbm BSH as CTA to control the chain length of the polymers. 10 and 15 wt % DMA was used
in Runs 2 and 4, respectively. The PEGMA selected for the synthesis had a molar mass of 360
g/mol (6 ethylene oxide units) and therefore, it was liquid and non-crystalline. The DMA_AMPS
copolymer (Run 5) was synthesized in BASF during the internship. In this reaction, the DMA
content was increased to 80 wt% and 20 wt% AMPS was used to make the polymer chains
water-soluble. In this synthesis, 1.25 % wbm 2-ethylhexyl thioglycolate was used as CTA and 3
% wbm AIBN as thermal initiator. No reference AMPS-copolymer without catechol units was

produced in this case.

The polymerizations were carried out in round bottom flasks using an oil bath and a
thermocouple to control the temperature. First, the reaction medium was purged with nitrogen

for 30-60 minutes and then the flask was immersed in the oil bath at 65 °C for 24 hours. In Runs
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1-4 the initiator was placed inside the reaction medium from the beginning of the process and in

Run 5, the initiator was fed dissolved in DMF during the first hour of polymerization.

7.2.4. lIsolation of the copolymers

The MAA copolymers prepared in Runs 1 and 2 were precipitated from deionized water.
The PEGMA (co)polymers synthesized in Runs 3 and 4 were precipitated from diethyl ether. The
AMPS copolymer from Run 5 was precipitated three times from diethyl ether. The resulting

polymers were dried at 40 °C under vacuum.

7.2.5. Blending and film casting

First, the copolymers were dissolved in water at a concentration of around 10 wt%. In the
case of the DMA_MAA and blank_MAA copolymers, the pH was increased to 7-9 using NH4OH
and the system was heated to 60 °C to deprotonate the carboxylic acids and dissolve the polymer
chains. Then, aqueous solutions of the MAA and PEGMA copolymers prepared in Runs 1-4 were
blended with the Latex 1 (blank) and Latex 2 (5 wt% NVP) and the DMA_AMPS copolymer
synthesized in Run 5 was combined with Latex 13 (blank) and 14 (5 wt% NVP) to prepare
materials with copolymer fractions between 0 and 10 wt % (based on the weight of the polymer).
The blends were stirred for 30 minutes, cast in silicone molds and dried for 7 days at 23 + 2 °C

and 55 + 5 % relative humidity. The final thickness of the films varied from 600 to 800 ym.

7.2.6. Characterization

During the synthesis of the polymer dispersions, the monomer conversion was
determined by gravimetry. In Latexes 1 and 2, the particle size was measured by Dynamic Light

Scattering (DLS) and the gel content was determined using Soxhlet extractions in THF. In

305



Chapter 7

Latexes 13 — 14 produced in BASF, the particle size was measured using hydrodynamic capillary
chromatography (HDC) and the gel content was defined as the insoluble polymer fraction in
methyl ethyl ketone (MEK). The molecular weight distribution of the polymers was determined
with Size Exclusion Chromatography in THF in all cases. The detailed description of the latex

characterization methods and experimental conditions is given in Section I.1 of Appendix I.

In the solution polymerizations, the individual monomer conversions were determined by
H-NMR on a Bruker 400 MHz equipment. The H-NMR spectra were recorded at room
temperature using de-DMSO was used as solvent. For the analysis, 100 yL of the samples
withdrawn from the reaction medium at different times were diluted in 600 uL of the deuterated
solvent. The monomer conversion was determined from the disappearance of the vinyl protons
using the signal of DMF at 8.03 ppm as internal standard to normalize the signals of the vinyl
protons. The molecular weights of the MAA copolymers were measured by Size Exclusion
Chromatography (SEC) using a PL-GPC 50 integrated GPC system in DMF at 50 °C with a flow
rate of ImL/min, a guard column Shodex KD-G 41 and a column GPC KD-806M. The molecular
weights of the PEGMA (co)polymers were analyzed by Size Exclusion Chromatography Multi-
Angle Light Scattering (SEC/MALS/RI) at 35 °C using a 0.1 M NaNOs aqueous solution as carrier
at a flow rate of 0.6 mL/min. The pH of the eluent was adjusted to 10 adding NH4OH. The
equipment was composed by a LC20 pump (Shimadzu) coupled to a miniDAWN Treos
multiangle (3 angles) light scattering laser photometer equipped with an He-Ne laser (%658 nm)
and an Optilab T-Rex differential refractometer (658 nm) (all from Wyatt Technology Corp., USA).
Separation was carried out using two columns in series (Ultra-hydrogel 250 and 120 with pore

sizes of 250 and 120 A, respectively)

The mechanical properties of the films were measured by tensile test. The internal

morphology of the films was investigated by transmission electron microscopy (TEM). The films
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were stained with RuO4 to increase the contrast of the aromatic-rich areas. The water sensitivity
of the polymer films was assessed by immersing the polymer films in water measuring water
uptake and weight loss of the materials. The latex — MAA copolymer blends were immersed in
water for 7 days and the latex — DMA_AMPS blends were immersed in water for 5 days. Detailed

information these characterization methods is given in Section 1.2 of Appendix .

7.3. Results and discussion
7.3.1. Synthesis of polymer dispersions

Stable polymer dispersions with 0 and 5 wt% NVP and solids content near 50 wt% were
obtained in Latexes 1, 2, 13 and 14. The final conversion, particle size, gel content and molecular
weight of the polymers are presented in Table 7.3. For the detailed analysis of the polymerization
kinetics, the reader is referred to Chapter 2 for Latexes 1 and 2 and to Chapter 4 for Latexes 13

and 14.

Table 7.3. Main characteristics of the polymer dispersions produced in Latex 1, 2, 13 and 14. Latexes 13
and 14 marked with (*) were synthesized in BASF. Data determined by 2gravimetry, °DLS, *HDC, “Soxhlet

extractions in THF, ¢insoluble polymer fraction in MEK and 'SEC in THF.

Run Description Fi”(’j‘)KMa dpz(,;ene]c;b"’ dp?r:ir:]a)lb’° Gel CC(J(;)t)entd'e (kgl\;lmfol)
L1 Blank - 0% F.M. 96.9 54 + 3° 111 £2° <1d 480
L2 5% NVP 96.5 58 + 1° 135 £ 1° <1d 680

L13* Blank - 0% F.M. 97.4 48+13°  111+17° <1® 606

L14* 5% NVP 96.7 42+17° 121+ 20° <1® 635
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Monomer conversions higher than 96 % were achieved at the end of the polymerizations
in the four reactions. Moreover, the incorporation of NVP into the polymer backbone using this
polymerization procedure was verified by GC in Chapter 4. The polymer dispersions had final
particle sizes between 111 and 135 nm. The polymers produced in the reactions presented gel

contents near 0 % and weight average molar masses in the range of 480 and 680 kg/mol.

7.3.2. Synthesis of catechol-containing water-soluble copolymers

The catechol-containing copolymers were produced by batch solution polymerization.
DMA was used as functional catechol monomer and three different hydrophilic monomers were
copolymerized to make the polymer chains water-soluble: MAA, PEGMA and AMPS. In total 5
copolymers were prepared: In Runs 1 and 2, MAA was used as hydrophilic monomer and 0 and
10 wt% DMA was incorporated; in Runs 3 and 4, PEGMA was used as hydrophilic monomer and
the DMA content was 0 and 15 wt%; and in Run 5, 80 wt% DMA was copolymerized with 20 wt%
AMPS. The individual monomer conversions at the end of the reactions and the molecular
weights of the copolymers are given in Table 7.4. In addition, the theoretical T4 of the copolymers
were estimated using the Fox equation (Equation 7.1).5° In Equation 7.1, wi, w2, Tg1 and Tg2
are the mass fraction and the glass transition temperatures of components 1 and 2. The Tg-s of
the homopolymers used for the estimation of the Tq-s of the copolymers were: 105 °C for
PMMA,80 227 °C for PMAA,%> -22 °C for PolyPEGMA,%" 124 °C for PAMPS®! and 88 °C for

PDMA .52
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Table 7.4. Individual monomer conversions, molecular weights and estimated T4-s for the catechol-

containing copolymers.

RuUN Copolymer DMA DMA Methacrylates AMPS M, D TE’F"X
(Wt%) | Xwm(%) Xw (%) Xw(%)  (g/mol) Q)

1 Blank_MAA 0 - 99 - 6 900 1.5 130
2 DMA_MAA 10 74 97 - 6 800 15 128
3 Blank_PEGMA 0 - >99 - 65 400 6.5 -22
4 DMA_PEGMA 15 79 >99 - - - -10
5 DMA_AMPS 80 94 - 96 - - 95

— =T (Equation 7.1)
Tg  Tg1 Tge

It is shown in Table 7.4 that in Runs 1 — 4 the conversion of the methacrylate monomers
(MAA, MAA and PEGMA) was higher than 97 % and the conversion of DMA in Runs 2 and 4
was 74 and 79, respectively. The relatively low DMA conversions were attributed to the reactivity
ratios of methacrylates with methacrylamides, which do not favor the incorporation of the
methacrylamide type monomers into the polymer backbone (e.g. for copolymerization systems
of methacrylamide “MA” and 2-hydroxyethylmethacrylate “HEMA” rua = 0.3 and rqema = 1.53).83
It must be taken into account, that due to the low DMA conversion, the real DMA wt% in Runs 2
and 4 was = 7.5 wt% and = 12 wt%, respectively. In Run 5, the monomer conversion of DMA
was 96 % and the conversion of AMPS 94 %. It is remarkable that the polymerization proceeded
to high conversions even at a DMA content as high as 80 wt%. As shown in Chapter 6, the use
of polar H-bond acceptor solvents such as DMF and the selection of (meth)acrylate and
(meth)acrylamide monomers reduces the chain transfer events to catechol and allows the

successful polymerization of most systems.
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Regarding the molecular weights, the MAA-copolymers synthesized in Runs 1 and 2 had
very similar number average molar weights between 6800 and 6900 g/mol, indicating no
influence of catechol on the molar masses. In these polymerizations, the addition of 1.25 % wbm
BSH as CTA effectively reduced the molar mass of the copolymers. On the contrary, the addition
of the same amount of CTA in Run 3 did not reduce efficiently the chain length of the PEGMA
homopolymer, which showed a number average molar mass of 65 000 g/mol. From the monomer
conversion and molar mass results (and assuming the MW of DMA_PEGMA was similar to the
MW of the blank_PEGMA), it was estimated that there was an average of 2 catechol groups per
DMA_MAA chain in Run 2 and an average of 22 catechol groups per DMA_PEGMA chain in Run

4.

The glass transition temperature (Tg) of the copolymers was also estimated using the Fox
equation to facilitate the comprehension of the behavior of each copolymer in the latex —
copolymer blends. The Tq and appearance of the copolymers varied depending on the monomers
used for the synthesis. The MAA copolymers (Runs 1 — 2) had the highest Tg-s near 130 °C and
they were glassy white solids. On the contrary, the PEGMA (co)polymers produced in Runs 3 —
4 were viscous and sticky liquids with a Tg around — 22 °C. The DMA_AMPS copolymer (Run 5)

was also a glassy solid and had an intermediate T4 of around 95 °C.

7.3.3. Film appearance

After the synthesis, the blank (L1, L13) and 5 wt% NVP (L2, L14) latexes were combined
with the catechol-containing water-soluble copolymers (Runs 1 — 5) to prepare materials with
different copolymer contents. The appearance of the films prepared from the MAA, PEGMA and
AMPS copolymers are shown in Figures 7.5, 7.6 and 7.7, respectively. It can be observed in

Figures 7.5 - 7.7 that all the films prepared from the DMA copolymers showed a dark color. Since
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the materials without catechol groups did not show a dark appearance, the dark color was
ascribed to the catechol groups. Note that the Blank (L1) — blank_PEGMA blends were darker
due to the aging of the blank dispersion stabilized with hydroquinone, which can be clearly seen

looking at the film prepared from the neat latex.

0 wt% 2.5 wt% 5 wt% 10 wt%
ra FULYIVIRAIL
——— ‘. ! )
S%NVP (L2) - | 3
DMA_MAA r

o r
= AT

Blank (L1) -
DMA_MAA

"5 PULY IVIA

F

5%NVP (L2) -
Blank_MAA

Blank (L1) -
Blank_MAA

Figure 7.5. Physical appearance of the blends prepared from the blank (L1) and 5 wt% NVP (L2) latexes

and DMA_MAA and blank_MAA copolymers.
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10 wt% 10 wt%
Owt%  Blank_PEGMA  DMA_PEGMA

Blank (L1)

Figure 7.6. Physical appearance of the polymer films prepared from blank (L1) and 5 wt% NVP (L2) latexes
with 10 wt% DMA_PEGMA and blank_PEGMA copolymers.

0 wt% 2.5 wt% 5 wt%

5% NVP (L14) -
DMA_AMPS

Blank (L13) -
DMA_AMPS

Figure 7.7. Physical appearance of the polymer films prepared from blank (L13) and 5 wt% NVP (L14)

latexes with 0, 2.5 and 5 wt% DMA_AMPS.
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7.3.4. Tensile properties and morphology of the films

The tensile properties of the films were measured to investigate the contribution of the

pyrrolidone — catechol H-bonds to the mechanical strength of the materials. The stress-strain

curves of the materials obtained blending blank (L1) and 5 wt% NVP latexes (L2) with different

amounts of the MAA copolymers synthesized in Runs 1 and 2 are shown in Figure 7.8. The

tensile parameters obtained from the stress-strain curves are presented in Table 7.4.

A 5% NVP latex - DMA_MAA blends B 5% NVP latex - Blank_MAA blends
12 14
= — % 12 —0%
a 10 T 10
2 3 —_—2.5% % 8 —_2.5%
@ 6 —5% 3 s —%
s 4 —_—10% @ 4 —10%
2 h 2
04 T ! T T T T ) 0 -4 . . ! . . . Y
0 1 2 3 4 5 6 7 0 1 2 3 a4 5 6 7
Strain () Strain ()
C Blank latex - DMA_MAA blends D  Blanklatex - Blank_MAA blends
14 14
12 12
—_ —0% —_ —
& 10 . T 0%
E_ g —_—2.5% g 3 —_—2.5%
g 6 —5% 2 6 —5%
g4 —10% s 4 —10%
2 2
oFXH—~w — 1+ 11 ol 11 11
0o 1 2 3 4 5 & 7 o 1 2 3 4 5 & 7
Strain () Strain ()

Figure 7.8. Stress-strain curves of the materials prepared from the blank / 5%NVP latex — MAA copolymers

blends. The mechanical parameters related to these curves are summarized in Table 7.4.

313



Chapter 7

Table 7.4. Mechanical properties related to the Stress-strain curves shown in Figure 7.8.

Young’s Yield Tensile Ultimate
Material | COPOlymer modulus stress strength strain
wt%
E (MPa) Oy (MPa) Omax (MPa) Ymax O
, 0 57+4 2.1+0.1 8.3+0.03 4.18 £ 0.02
a<
:L<§‘: 2.5 759 3.0+£0.3 11.2+£0.92 3.61 + 0.02
o
> <(|
zZs 5 125+ 13 46+04 10.1+£0.32 2.74+0.21
£a
0 10 271+ 4 8.7+0.2 11.2+0.23 2.02+0.11
, 0 57+4 2.1+0.1 83+0.1 42+0.1
92
2= 25 88+ 4 3.4+0.3 10.5+0.7 3.6+0.1
>
z g 5 120 + 6 4.4+0.1 10.2+0.1 3.0+0.1
o
w0 10 323+ 30 9.8+0.3 11.1+1.2 1.1+0.8
0 21+2 0.8+0.1 6.5+1.2 54+0.7
<
gg 2.5 279 1.3+£0.2 96+1.3 4.4+0.2
X <|
Ss 5 58+9 1.9+0.1 9.8+0.1 4.0+0.1
o 0
10 177+ 4 6.5+0.3 10.3+0.6 24+0.3
0 21+2 0.8+0.1 6.5+1.2 54+0.7
' <<
gg 25 40+6 1.3+0.2 9.2+0.2 51+0.1
<
S 5 62+3 23+0.1 9.0+0.1 41+01
mo
10 113+6 48+0.1 11.4+0.1 28+0.1

The addition of the DMA_MAA and Blank_MAA copolymers to the blank and 5 wt% NVP
latexes led to the formation of stiffer materials in all cases, which showed higher Young’s
modulus, yield stress and tensile strength and a loss in extensibility with the increase in MAA
copolymer content. However, the stiffening observed in the four combinations was relatively

similar without any notable contribution of the catechol groups. When comparing blank and NVP
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containing latexes, there was a measurable increase in Young’s modulus and yield stress which
suggests that there is some benefit to enhancing interactions between the emulsion polymer and
the water soluble polymer. Overall, the results indicate that similar to the NVP — TA system
discussed in Chapter 4, the mechanical reinforcement of the materials arised primarily from the
formation of a honeycomb microstructure of high Tq polymer around the polymer particles. In
order to check that possibility, the microstructure of the 5 wt% NVP and blank materials with 10
wit% DMA_MAA was analyzed by transmission electron microscopy (TEM). The films were
stained with RuOa4 to darken the catechol-rich areas. The TEM images of the stained films are

shown in Figure 7.9.

5% NVP (L2) — 10% DMA_MAA Blank (L1) - 10% DMA_MAA
Figure 7.9. TEM images of the stained (A) 5% NVP — 10% DMA_MAA and (B) blank — 10% DMA_MAA

polymer films.

Figure 7.9 shows that the MAA copolymers distributed around the polymer particles in
both cases. The distribution of the DMA_MAA copolymer in the film prepared from the 5 wt%

NVP latex seemed more homogeneous but this did not have a major impact on the mechanical
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performance of the material. Thus, from the TEM images it can be concluded that the stiffening
observed in the tensile tests (see Figure 7.8) was caused by the formation of a connected hard
MAA copolymer network around the polymer particles. However, unlike the NVP — TA system,
in this latex — MAA copolymer blends the hydrogen bonds between the pyrrolidone and catechol
were not necessary to drive the microstructuring of the materials. It is likely that the use of water-
soluble H-bond donors with a methacrylic-type polymer backbone enhanced the compatibility
between the polymer in the particles and the H-bond donors allowing the homogeneous
distribution of the H-bond donors even in the absence of the pyrrolidone groups in the particles.
In addition, compared to TA, the DMA_MAA copolymers utilized in this chapter are anionically
charged, and since the electrostatic repulsion between two carboxylates is stronger than the
attractive H-bonds between two catechol groups, itis likely that the copolymers remained soluble
in water without forming aggregates. Therefore, during film formation they got trapped between

the particles and formed a honeycomb structure.

In the second part of the work, soft copolymers with Ty-s near - 20 °C were used as water-
soluble H-bond donors as an attempt to minimize the mechanical reinforcement coming from the
hardness of the copolymer and emphasize the contribution of the H-bonds to the mechanical
strength of the films. In Runs 3 and 4, a PEGMA macromonomer with a MW = 360 g/mol was
used to synthesize water-soluble copolymers. This short chain PEGMA is not able to crystallize
and it was chosen to avoid the contribution of the crystalline domains to the mechanical strength
of the films. The tensile properties of the materials obtained by blending blank (L1) and 5 wt%
NVP latexes (L2) with 10 wt% of the blank_ PEGMA and DMA_PEGMA copolymers are shown
in Figure 7.10 and the tensile parameters obtained from the stress-strain curves are presented

in Table 7.5.
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A 5% NVP latex + PEGMA blends B Blank latex + PEGMA blends
10 10
- 8 —(% - 8
g 6 £ 6 -
s —10% =3 —_—10%
w4 Dn:IA_PEGMA o g DMA_PEGMA
E —10% s —10%
& 2 Blank_PEGMA & 2 Blank_PEGMA
0 A L A 0 — 4%
01 2 3 4 5 6 7 8 01 2 3 4 5 6 7 8
Strain () Strain ()

Figure 7.10. Stress-strain plots of the (A) 5%NVP (L2) - PEGMA and (B) blank (L1) — PEGMA copolymer

blends.

Table 7.5. Mechanical parameters obtained from the stress-strain plots shown in Figure 7.10.

Young'’s Yield Tensile Ultimate
Latex Copolymer wt% modulus stress strength strain
E (MPa) Oy (MPa) Omax (MPa) Ymax ()
0 57+4 21+0.1 8.3+0.1 42+0.1
g N
i 1:2 DMA_PEGMA 10 wt% 3242 1.2+0.1 41+0.1 42+01
b
Blank_PEGMA10 wt% 378 1.2+0.1 3.7+£0.1 3.7+£0.1
0 21+2 0.8+0.1 6.5+1.12 54+0.8
e
k5 1:2 DMA_PEGMA 10 wt% 14 £2 0.4+0.1 48+0.8 7.0+0.1
[}
-
Blank_PEGMA10 wt% 18+ 6 0.6+0.1 53+04 7.1+04

The addition of the PEGMA copolymers to the blank and 5 wt% NVP latexes had a
plasticizing effect on the materials, very likely due to the low Tg4 of the PEGMA copolymers.
However, similar to the materials prepared from the MAA copolymers, no effect of the pyrrolidone
or catechol groups was observed. It is possible that the catechol concentration in the system was
too low to efficiently reinforce the particle interfaces. Thus, in Run 5 the concentration of DMA

was increased to 80 wt% and 20 wt% AMPS was used to provide the water-solubility. Among
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the copolymers synthesized in this work, the chemical structure of DMA_AMPS was the closest

one to the chemical structure of TA due to the high content catechol groups per molecule. The

mechanical properties of the films prepared from the 5% NVP (L14) and blank (L13) latexes with

0, 2.5 and 5 wt% of DMA_AMPS are shown in Figure 7.11. The mechanical parameters related

to the stress-strain curves are attached in Table 7.6.
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Figure 7.11. Stress-strain plots of the (A) 5 wt% NVP (L14) — DMA_AMPS and (B) blank (L13) - DMA_AMPS

blends with 0, 2.5 and 5 wt% of water-soluble copolymer.

Table 7.6. Mechanical parameters obtained from the stress-strain plots shown in Figure 7.11.

Young’s Yield Tensile Ultimate
Material DMAW—t'g}MPS modulus stress strength strain
(1]
E (MPa) Oy (MPa) Omax (MPa) Ymax ()
N 1 & 0 173 £19 46+0.1 11.6 £0.7 3.0+£0.2
>3
Z %< 2.5 164 + 16 48+0.1 12.7+0.4 3.1£0.1
S L«
1) ﬁ >
=7a) 5 188 + 20 56+0.1 13.3+x0.5 3.2+0.1
1 2 0 169 £ 17 4.8+0.3 12.7+£0.9 3.0+£0.1
X~ §§
S <
8 x 7 2.5 183 £ 17 53+0.1 12.0+0.8 3.0+0.1
o % <§t
20 5 250 + 60 74%05 13.5+0.6 2.8+0.4
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Similar to the blends prepared from the MAA copolymers, the materials showed higher
Young’s modulus, yield stress and tensile strength with the copolymer content. However, the
stiffening observed with the DMA_AMPS copolymer was moderate probably due to the lower Tg
of the DMA_AMPS copolymer (Tg = 95 °C) compared to the MAA copolymers (Tg = 130 °C) and
the greater extent of hydroplasticization of the AMPS copolymer. The materials cast from the
blank and 5 wt% NVP latexes displayed very similar mechanical properties and no contribution

of the pyrrolidone — catechol H-bonds on the mechanical strength was observed.

Overall, from the comparison of the tensile test plots presented in Figures 7.8, 7.10 and
7.11, it can be seen that the mechanical properties of the materials depended mainly on the Tg4
of the H-bond donor employed for the blend. This can be seen from the observation that the
addition of the PEGMA copolymers with a Tq = -20 °C had a plasticizing effect on the polymer
films while the addition of the high Ty copolymers prepared with MAA and AMPS caused a
gradual stiffening in the materials with the copolymer content. Similar to the NVP — TA system
discussed in Chapter 4, in these systems the reinforcement was attributed to homogeneous
distribution of the hard water-soluble donor around polymer particles into a honeycomb
microstructure. However, unlike the NVP — TA combination, with the use of copolymers the H-
bonds between pyrrolidone and phenols were not necessary to drive the microstructuring of the
films and no significant contribution of the pyrrolidone — catechol H-bonds on the mechanical
strength of the films was observed. Possibly, the use of copolymers with a methacrylic-type
polymer backbone enhanced the compatibility between the water-soluble H-bond donor and the
polymer in the particles allowing the microstructuring of the films, even in the absence of H-
bonds. In addition, in contrast to the system with TA, the presence of electrostatic repulsions

between MAA and AMPS containing copolymers avoided the formation of aggregates in the
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aqueous phase and favored the homogeneous distribution of the copolymers around the polymer

particles during film formation.

7.3.5. Water sensitivity

The water sensitivity of the materials was analyzed by immersing the films in water and
measuring the water wt% absorbed and the film wt% lost during the test. This analysis was
carried out for the materials that showed a mechanical reinforcement in the tensile test, namely,
the blends prepared from the blank_MAA, DMA_MAA and DMA_AMPS copolymers. The water
uptake and weight loss of the blends prepared from the blank (L1) and 5%NVP (L2) latexes with
5 wt% of blank_MAA or DMA_MAA after 7 days of immersion in water are shown in Figures 12.A
and 12.B, respectively. The water uptake and weight loss of the blank (L13) and 5 wt% NVP
(L14) latexes with 0, 2.5 and 5 wt% DMA_AMPS copolymer after 5 days of immersion in water

are shown in Figures 13.A and 13.B.

A Water uptake after 7 days B Weight loss after 7 days
= 70 = 6
§ 60 5% NVP § 5 m5% NVP
o 50 m Blank E a m Blank
= 40 8 ,
I} o
2 30 =
c 20 - 7—
& 10 s !
2 o 0
0% 5% 5% 0% 5% 5%
DMA_MAA  Blank_MAA DMA_MAA  Blank_MAA

Figure 7.12. (A) Water uptake and (B) weight loss of the blends prepared from the blank (L1) and 5% NVP

(L2) latexes and 5 wt% of the DMA_MAA and Blank_MAA copolymers.
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Figure 7.13. (A) Water uptake and (B) weight loss of the blends prepared from the blank (L13) and 5% NVP

(L14) latexes with 0, 2.5 and 5 wt% DMA_AMPS.

First, the comparison of the materials prepared from the neat latexes shows that the
addition of NVP slightly increased the water absorption and weight loss of the films due to the
hydrophilic nature of NVP. Then, Figure 7.12.A shows that the blends prepared with of 5 wt% of
the blank_MAA and DMA_MAA copolymers absorbed less water, especially in presence of 5
wt% NVP. This decrease in the water absorption of the films could be ascribed to the crosslinking
of the polymer chains with H-bonds, or to the release of the water-soluble components from the
films to the aqueous phase. Looking at 7.12.B, the high weight losses suggest that a high fraction
of water-sensitive material was released to the aqueous phase during the tests, especially in
presence of 5 wt% NVP. Similar behavior was observed for the latex — DMA_AMPS blends.
Figure 7.13.B shows that the weight loss increased with the copolymer content for both blank
and 5% NVP materials. In addition, the weight loss was greater in presence of NVP. In these
blends, similar to the PVOH-containing films investigated in Chapter 3, the water-soluble
copolymer and pyrrolidone hydrophilic corona around the polymer particles could have favored
the penetration of water to the films and the release of water-sensitive material to the aqueous
phase. In Chapters 4 and 5, the strong NVP-TA H-bonds retained TA in the films when the films

were put in contact with water. In contrast, no contribution of the pyrrolidone-catechol or
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pyrrolidone-carboxylic acid H-bonds was observed in the water-sensitivity of the materials when
the copolymers were used. Very likely in these materials, the electrostatic repulsion between
charged MAA and AMPS species overcame the strength of the H-bonds that held the catechol-

containing copolymers into the films and favored the desorption of the donor molecules.

7.4. Conclusions

The aim of the work carried out in this chapter was the synthesis and utilization of
catechol-containing water-soluble copolymers as synthetic substitutes of TA for the production

of mechanically reinforced and less colored acrylic films.

First, using the knowledge gained in Chapter 6 on the free radical polymerizations (FRP)
in presence of catechols, five copolymers with different Tq—s and catechol contents were
successfully prepared using (meth)acrylamide- and (meth)acrylate-type monomers and DMF as
solvent. Then, the catechol-containing copolymers were combined with polymer dispersions with
0 and 5 wt% NVP to prepare polymer films with different copolymer contents and investigate the

effect of the H-bonds on film properties.

Unlike in previous chapters, the reference and H-bonded materials displayed very similar
mechanical response, showing no influence of the pyrrolidone-catechol H-bonds on the
mechanical performance of the films. Based on the film microstructure this can be explained
because, unlike the NVP — TA system discussed in Chapter 4, even in the absence the of
pyrrolidone groups a percolating network of the water soluble polymer could be observed in the
dried films. In these materials the homogeneous distribution of the water-soluble copolymers
around the polymer particles was ascribed to the better compatibility between the methacrylate-

type copolymers and the acrylic particles and to the electrostatic repulsion between the water-
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soluble copolymer chains which kept the donors soluble in water and prevented the formation of
aggregates. Unlike the NVP — TA system discussed in Chapter 4, when the films were immersed
in water, the pyrrolidone-catechol and pyrrolidone-carboxylic acid H-bonds did not lead to a
significant improvement in the water-sensitivity of the material. Probably, the electrostatic
repulsions between anionically charged MAA and AMPS species overcame the strength of the
H-bonds holding them to the polymer films and promoted the desorption of the copolymers to the
aqueous phase. Thus, while synthetic catechol-containing water soluble polymers can be
synthesized using the knowledge gained in Chapter 6, further improvements in the design of
these polymers will need to be performed to exceed the performance of the naturally occurring
polyphenols used elsewhere in this thesis. Based on the experimental results in this chapter,
future research would point to the synthesis of high Tqwater-soluble non-ionic species containing

high concentration of catechol groups.
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Chapter 8. Conclusions

With the aim of reducing VOC emissions and producing more sustainable coatings and
adhesives, solventborne polymers are gradually being replaced by water-based alternatives.
However, the mechanical properties of waterborne systems are typically not as good as those of
solventborne products due to differences in the film formation process and this has limited the
widespread use of waterborne polymers in some demanding applications that require high
mechanical strength. Industrially, volatile plasticizing agents are commonly added to enable film
formation of high T dispersions and produce mechanically resistant polymer films. However, the
need for a volatile plasticizer brings back the environmental concerns related to the release of
VOCs to the atmosphere. Another alternative is to crosslink the polymer chains after film
formation to achieve mechanical resistance. Covalent chemistries have been widely utilized for
the crosslinking of polymer chains and production of stiff polymer films. However, such
chemistries often employ or release toxic chemicals, require annealing or present limited stability
due to the high reactivity of the functional groups. As an alternative, the use of physical
interactions offers the opportunity of creating network structures while avoiding the drawbacks
related to covalent chemistries. The aim of this PhD thesis was to explore the use of hydrogen
bonding for the physical crosslinking of waterborne polymer dispersions and the mechanical
reinforcement of the materials cast from these systems. The work was targeted specifically
towards the production of mechanically strong polymer films cast from non-toxic, stable and

ambient curable waterborne dispersions.

In Chapter 2, the possibility of using pyrrolidone-hydroxyl and uracil-adenine to crosslink the
polymer chains and reinforce mechanically the polymer films was investigated. First, functional

polymer dispersions with pyrrolidone, hydroxyl, uracil and adenine were synthesized by emulsion
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polymerization. Then, the polymer dispersions with complementary groups were combined and
dried to prepare polymer films provided with pyrrolidone-hydroxyl and uracil-adenine H-bonds.
However, all the materials showed very similar mechanical behavior, and no influence of the H-
bonds on the mechanical properties of the films was observed. The fundamental examination of
the systems revealed that the low association constant (Ka) of the pyrrolidone-hydroxyl pair
around 1 M leads to a limited number of H-bonds in the films and prevents the formation of a
cohesive network. The uracil-adenine complex has a higher Ka around 100 M-t which allows the
buildup of a physical network. For this system, the lack of reinforcement was attributed to the low
concentration of H-bonds (= 1 mol%) that can be reasonably incorporated coupled with the short
lifetime of the interactions, which prevented their effective reinforcement of the mechanical
properties. Thus, two approaches exist for the crosslinking of polymer dispersions with physical
interactions. The first strategy consists in the use of high Ka complexes such as cytosine-guanine
or Upy-Upy that ensure the efficient crosslinking of polymer chains and have complex lifetimes
long enough to effectively contribute to the mechanical strength of the films. Nevertheless,
preliminary experiments showed that the low solubility of such groups in water, common organic
solvents and monomer mixtures limits the practical implementation of these systems. The
second strategy, which was the focus for the rest of the thesis, relied on the use of the use of
weakly associating units at much higher local concentrations and in blocky structures. In these
circumstances, weak single H-bonds can work cooperatively to form junctions that present
complex lifetimes higher than the individual H-bonds and can lead to crosslinked materials with

enhanced mechanical strength.

The rest of the thesis was dedicated to investigate systems composed of functional
polymer dispersions and water-soluble crosslinkers. In such systems, the interactions between

the functional groups take place at the surface of the polymer particles during film formation
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which results in high local concentrations of H-bonds in the particle boundaries and can
potentially lead to physically crosslinked and reinforced patrticle interfaces. In Chapter 3, polyvinyl
alcohol (PVOH) stabilized particles with hydroxyl groups were combined with polyvinyl
pyrrolidone (PVP), gallic acid (GA) and tannic acid (TA) water-soluble species. The addition of
the water-soluble species to the PVOH stabilized latex led to the formation of stiffer materials.
However, the materials showed very poor water resistance due to the high fraction of hydrophilic
compounds in the formulation. Despite the high H-bond density at the boundaries of the particles
in these materials, when the films were exposed to water the H-bonds were disrupted by the
water molecules and the hydrophilic components (PVOH free chains, PVP, TA and GA) were
released to the aqueous phase. As result, the polymer films did not retain the mechanical

strength after being exposed to water.

In Chapters 4 and 5, acrylic polymer dispersions with H-bond acceptor groups such as N-
vinyl pyrrolidone (NVP) were combined with an aqueous solution of TA. Chapter 4 was dedicated
to the development of stiff polymer films for coating applications and Chapter 5 was focused on
the preparation of high shear resistance pressure sensitive adhesives (PSAs). As a result of the
H-bonds between the pyrrolidone groups in the polymer particles and the hydroxyl groups of TA,
TA distributed homogeneously around the polymer particles and arranged into a honeycomb
microstructure. In the materials prepared in Chapter 4 for coatings applications, the
microstructured materials showed improved Young’s modulus and yield stress with the
polyphenol content. In the absence of H-bonds, TA formed aggregates and the polymer films
showed only a slight increase in Young’'s modulus and yield stress. In Chapter 5, the physically
crosslinked and microstructured PSAs were developed using a similar approach. These PSAs
showed enhanced shear resistance compared to systems where strong H-bonds were not

present. In addition, while the increase in the cohesion was remarkable, the formation of the TA
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microstructure only caused a moderate decrease in the work of adhesion and peel strength.
Unlike the PVOH blends discussed in Chapter 3, the NVP-TA materials prepared in Chapters 4
and 5 showed water uptake values comparable to the blank materials due to the lower content
of hydrophilic components in the films (10 wt% PVOH in Chapter 3 vs 5 and 4 wt% NVP in
Chapters 4 and 5). In addition, in the polymers prepared in Chapters 4 and 5, the H-bonding
groups were covalently attached to the polymer particles which prevented their free migration to
the aqueous phase and reduced the weight loss of the polymer films after the immersion in water.
Moreover, in the polymer films functionalized with pyrrolidone groups the leaching of TA was
almost completely prevented by the strong H-bonds and the films retained the morphology and

the mechanical strength even after extensive water exposure.

The reinforcing mechanism was applied to a variety of latexes (with different molecular
weight polymers, variable H-bond acceptor monomer content, including AA in the formulation or
employing NVC and UMA as alternative H-bond acceptors) proving the versatility of the approach
for both coatings and PSA applications. The nature and molecular size of the crosslinker were
shown to directly influence the final performance of the materials prepared for coating
applications: less acidic OH groups (PVOH) were not able to form strong interactions and
reinforce the materials, and smaller molecular size phenolic compounds (GA) were less efficient

stiffening the materials.

Thus, the combination of acrylic polymer dispersions with H-bond acceptors and TA is a
practical route for the preparation of microstructured materials with enhanced mechanical
strength. However, the addition of TA provided an orange tint to the polymer films which was
visible even in the white paints prepared with TiO2 pigment in Chapter 4. Moreover, when used
as formulated product the strong interactions between TA and the main coating components led

to unstable products, which limits the potential application of TA in formulated products. As
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alternative, the synthesis of copolymers containing catechol units in place of TA was proposed
in this thesis. Similar to TA, the phenolic hydroxyl groups of catechols are strong H-bond donors,
and H-bond interactions arising from catechols can be employed for the physical crosslinking of
polymer chains. However, the direct incorporation of catechols is challenging in polymers
produced by radical polymerization due to transfer and termination reactions that readily occur
between catechols and radical species. Thus, before conducting the synthesis of the catechol
copolymers in Chapter 7, the fundamental behavior of catechol groups in the radical
polymerization of common monomers was explored in Chapter 6. The study revealed that while
monosubstituted olefins such as styrene, methyl acrylate and acrylamide readily undergo chain
transfer to phenolic hydrogens, methacrylate and methacrylamide monomers do not suffer any
inhibitory activity and can be polymerized to high molecular weights without any influence of the
catechol, even when the catechol is present in large amounts (50 wt % in the polymerization of
MMA). These monomer-based effects are also applicable to the choice of the catechol-
containing monomer, and therefore, the most suitable monomers are those such as dopamine
methacrylamide/methacrylate which are less reactive toward the catechol moiety. In addition, it
was demonstrated that even for the polymerization of monosubstituted olefins, the inhibitory
activity of catechols can be substantially reduced by the selection of polar solvents with H-bond

acceptor groups such as dimethyl formamide (DMF).

Using the synthetic guidelines provided by the experimental work in Chapter 6, five water-
soluble copolymers with different Tg—s and catechol contents were successfully prepared in
Chapter 7 using dopamine methacrylamide as catechol monomer, acrylamide- and
methacrylate-type comonomers and DMF as solvent. Then, similar to the work carried out in
Chapters 3-5, the catechol-containing copolymers were dissolved in water and combined with a

polymer dispersion with 5 wt% NVP to prepare polymer films crosslinked with catechol-

335



Chapter 8

pyrrolidone H-bonds. However, unlike in Chapters 3-5, a percolating network of the catechol-
based copolymer around the polymer particles was formed even in the reference material without
pyrrolidone groups and no influence of the pyrrolidone-catechol H-bonds on the mechanical
performance of the films was observed. In addition, when the films were immersed in water, the
pyrrolidone-catechol and pyrrolidone-carboxylic acid H-bonds did not lead to a significant
improvement in the water-sensitivity of the material. Very likely, the electrostatic repulsions
between anionically charged MAA and AMPS species overcame the strength of the H-bonds
holding the water-soluble donors to the polymer films and promoted the desorption of the
copolymers to the aqueous phase. Thus, while synthetic catechol-containing water-soluble
polymers can be synthesized using the knowledge gained in Chapter 6, further improvements in
the design of these polymers will need to be performed to exceed the performance of the
naturally occurring polyphenols used in Chapters 3-5 of this thesis. For example, the use of high
Ty water-soluble non-ionic species containing high concentration of catechol groups might lead
to mechanically reinforced materials with good water sensitivity similar to TA, while keeping the

versatility of using synthetic water-soluble copolymers.
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Resumen y conclusiones

Con el objetivo de reducir las emisiones de compuestos organicos volatiles (COVs) y
producir recubrimientos y adhesivos mas sostenibles, los productos basados en disolventes
estan siendo gradualmente reemplazados por productos en agua. Sin embargo, las prestaciones
mecanicas de los sistemas basados en agua son generalmente inferiores a las de sus analogos
en base disolvente debido a diferencias en el proceso de formacion de film, y esto ha limitado el
uso de los sistemas basados en agua en algunas aplicaciones demandantes que requieren
resistencia mecanica. Industrialmente, a menudo se afiaden agentes plastificantes volatiles para
favorecer la formacién de film de dispersiones con alta Tq y preparar films poliméricos de alta
resistencia mecénica. Sin embargo, la necesidad de un plastificante volatil vuelve a poner sobre
la mesa las preocupaciones ambientales relacionadas con la liberacion de COVs a la atmosfera.
Otra alternativa es reticular las cadenas de polimero al final de la formacion de film para
aumentar la resistencia mecanica. Diferentes reacciones quimicas en las que se forman nuevos
enlaces covalentes han sido extensamente utilizadas para reticular las cadenas de polimero y
producir materiales rigidos. Sin embargo, estas reacciones a menudo emplean o liberan
productos quimicos téxicos, requieren altas temperaturas de curado o presentan una estabilidad
limitada debido a la alta reactividad de los grupos funcionales. Como alternativa, el uso de
interacciones fisicas ofrece la oportunidad de entrecruzar las cadenas poliméricas y crear redes
fisicas mientras que evita los inconvenientes relacionados con las quimicas covalentes. El
objetivo de esta tesis doctoral era explorar el uso de puentes de hidrégeno para el
entrecruzamiento fisico de dispersiones poliméricas en base agua y el refuerzo mecanico de los

films poliméricos formados a partir de las mismas. El trabajo estaba dirigido a la produccion de

339



Resumen y conclusiones

films poliméricos mecanicamente resistentes a partir de dispersiones acuosas no toxicas,

estables y curables a temperatura ambiente.

En el capitulo dos, se investigd la posibilidad de emplear los enlaces de hidrégeno
pirrolidona-hidroxilo y uracilo-adenina para reticular las cadenas poliméricas y reforzar
mecanicamente los materiales. Primero, se sintetizaron dispersiones poliméricas funcionales
con grupos pirrolidona, hidroxilo, uracilo y adenina mediante polimerizacién en emulsion. A
continuacion, se combinaron las dispersiones poliméricas con grupos complementarios y se
secaron para obtener films poliméricos provistos de enlaces de hidrégeno. Sin embargo, todos
los materiales mostraron un comportamiento mecanico muy similar y no se observé ninguna
influencia de los enlaces de hidrégeno en las propiedades mecénicas de los films. El andlisis
fundamental de los sistemas revel6 que la baja constante de asociacion del par pirrolidona-
hidroxilo (Ka = 1 M?) da lugar a un nimero limitado de enlaces de H en los films y evita la
formacion de una red fisica cohesiva. La combinacion uracilo-adenina presenta una mayor Ka
en torno a 100 M1, lo que permite la construccién de una red fisica. En este sistema, la falta de
refuerzo se atribuyd a la baja concentracion de enlaces de hidrégeno que pueden incorporarse
razonablemente en los films (= 1 mol%) junto con el corto tiempo de asociacion de los reticulos
fisicos, lo que impidi6 que los enlaces de H reforzaran de manera efectiva las propiedades
mecanicas. Por lo tanto, existen dos estrategias para el entrecruzamiento fisico de las
dispersiones poliméricas con enlaces de H. La primera estrategia consiste en el uso de
complejos de alta Ka como las parejas citosina-guanina o Upy-Upy, que aseguran el
entrecruzamiento eficiente de las cadenas poliméricas y tienen tiempos de asociacién lo
suficientemente largos para contribuir efectivamente a la resistencia mecanica de los films. Sin
embargo, experimentos preliminares mostraron que la baja solubilidad de tales grupos en agua,

disolventes organicos comunes y mezclas de mondmeros limita la implementacion practica de
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estos sistemas. La segunda estrategia, que fue el foco del resto de la tesis doctoral, consiste en
el uso interacciones débiles pero en concentraciones locales mucho mas altas. En estas
circunstancias, los enlaces de H simples débiles pueden trabajar conjuntamente para formar
uniones cooperativas que presentan tiempos de asociacién mas altos que los enlaces de H
individuales de partida y pueden dar lugar a materiales entrecruzados con mayor resistencia

mecanica.

El resto de la tesis fue dedicado a investigar sistemas compuestos por dispersiones
poliméricas funcionales y agentes de cruzado solubles en la fase acuosa. En este tipo de
sistemas, las interacciones entre los grupos funcionales ocurren en la superficie de las particulas
poliméricas durante la formacién de film, lo que da lugar a altas concentraciones de enlaces de
H en los limites entre particulas y puede conducir a interfaces entre particulas reforzadas y
reticuladas fisicamente. En el capitulo 3, se combinaron particulas poliméricas estabilizadas con
alcohol polivinilico (PVOH) con polivinil pirrolidona (PVP), acido galico (GA) y acido tanico (TA)
como agentes de cruzado solubles en agua. La adicién de las especies solubles en agua al latex
estabilizado con PVOH dio lugar a la formacién de materiales més rigidos. Sin embargo, los
materiales mostraron una baja resistencia al agua debido a la alta concentracién de compuestos
hidrofilos en la formulacion. A pesar de la alta densidad de enlaces de H en las interfaces entre
particulas, cuando los films fueron expuestos al agua, las moléculas de agua disrumpieron los
enlaces de Hy las especies hidrdéfilas (cadenas libres de PVOH, PVP, TAy GA) fueron liberadas
a la fase acuosa. En consecuencia, los materiales no conservaron la resistencia mecéanica tras

ser expuestos al agua.

En los capitulos 4 y 5, se combinaron dispersiones acrilicas con grupos aceptores de
enlaces de H como n-vinil pirrolidona (NVP) con una soluciéon acuosa de TA. El capitulo 4 fue

dedicado al desarrollo de films poliméricos rigidos para su aplicacién como recubrimientos, y el
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capitulo 5 se centré en la preparacién de adhesivos sensibles a la presién (PSAs) con alta
resistencia a la cizalla. Como resultado de los enlaces de H entre los grupos pirrolidona en las
particulas de polimero y los grupos hidroxilo de TA disuelto en la fase acuosa, el TA se distribuy6
homogéneamente alrededor de las particulas poliméricas formando una microestructura
dodecaédrica. En los materiales preparados en el capitulo 4 para su uso como recubrimientos,
los materiales microestructurados mostraron un moédulo de Young y un limite de fluencia
mayores con el contenido de TA. Por el contrario, en ausencia de los enlaces de H, el TA formo
agregados en la matriz polimérica y los films mostraron solo un ligero aumento en el médulo de
Young y en el limite de fluencia. En el capitulo 5, los PSA microestructurados y reticulados
fisicamente se prepararon utilizando una estrategia muy similar a la utilizada en el capitulo 4,
combinando dispersiones acrilicas adhesivas con grupos aceptores de H y TA disuelto en la
fase acuosa. Los PSAs reticulados fisicamente mostraron una mayor resistencia a la cizalla en
comparacion con los materiales que no tenian enlaces de H. Ademas, mientras que el aumento
en la cohesion de los PSAs fue remarcable, la formacién de la microestructura de TA solo causé
una moderada disminucion en el trabajo de adhesion y resistencia al pelado de los adhesivos.
A diferencia de las mezclas de PVOH descritas en el capitulo 3, los materiales NVP — TA
preparados en los capitulos 4 y 5 mostraron valores de absorcién de agua comparables al
material de referencia debido al menor contenido de componentes hidrdfilos en los films (10 %
en peso de PVOH en el capitulo 3 frente a5y 4 % en peso NVP en los capitulos 4 y 5). Ademas,
en los polimeros acrilicos preparados en los capitulos 4 y 5, los grupos aceptores de H estaban
unidos covalentemente a las particulas de polimero, lo que impidié su libre migracion a la fase
acuosa y redujo la pérdida de peso de los films tras la inmersién en agua. Asimismo, en los films
funcionalizados con grupos pirrolidona, los enlaces de H impidieron casi por completo la
migracion de TA a la fase acuosa y los materiales conservaron la morfologia y la resistencia

mecanica incluso después de una exposicién prolongada al agua.
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La estrategia descrita en lineas anteriores para obtener materiales microestructurados y
reforzados mecanicamente fue aplicada a una amplia variedad de dispersiones poliméricas (con
polimeros de diferente peso molecular, un contenido variable del monémero aceptor de enlaces
de H, incluyendo AA en la formulacién o empleando NVC y UMA como mondmeros aceptores
de enlaces de H alternativos) demostrando la eficacia y versatilidad del sistema para el refuerzo
mecanico tanto de recubrimientos como de PSAs. Asimismo, se demostr6 que la naturaleza y
el tamafio molecular del agente de cruzado soluble en agua influyen directamente en el
rendimiento final de los recubrimientos: los grupos hidroxilo de PVOH son menos &cidos y no
fueron capaces de formar interacciones fuertes con los grupos pirrolidona y reforzar los
materiales, mientras que los compuestos fendlicos de menor tamafio molecular (GA) fueron

menos eficientes aumentando la rigidez de los materiales.

Por lo tanto, la combinacién de dispersiones poliméricas acrilicas con grupos aceptores
de enlaces de Hy TA es una ruta practica para la preparacion de materiales microestructurados
con mayor resistencia mecéanica. Sin embargo, la adicion de TA proporcion6 un color anaranjado
a los materiales, que era visible incluso en las pinturas blancas preparadas usando TiO2 como
pigmento en el capitulo 4. Ademas, al emplear TA en productos formulados, las interacciones
entre TA y los componentes principales de la formulacion (pigmento, espesante) dieron lugar a
productos inestables, lo que limita el uso de TA en productos formulados. Como alternativa, en
esta tesis se propuso la sintesis de copolimeros con grupos catecol como sustitutos al TA. Al
igual que en el TA, los grupos hidroxilo de los catecoles son fuertes aceptores de H y las
interacciones con grupos catecol pueden utilizarse para el entrecruzamiento fisico de las
cadenas poliméricas. Sin embargo, la incorporacion directa de catecoles a polimeros producidos
mediante polimerizacion por radicales libres supone un reto, debido a las reacciones de

transferencia y terminacion que ocurren entre los radicales libres y los catecoles. Por lo tanto,
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antes de llevar a cabo la sintesis de copolimeros con grupos catecol en el capitulo 7, se explord
la reactividad de los grupos catecol en la polimerizacion radicalaria de diferentes mondémeros en
el capitulo 6. El estudio revelé que mientras que las olefinas monosustituidas como estireno, el
acrilato de metilo y acrilamida experimentan reacciones de transferencia de cadena a los
hidrégenos fendlicos del catecol, los monémeros metacrilamida y metacrilato de metilo no sufren
ninguna actividad inhibitoria y pueden polimerizarse hasta pesos moleculares elevados sin
ninguna influencia del catecol, incluso cuando el catecol est4 presente en grandes cantidades
(50 % en peso en la polimerizacion de MMA). Estos efectos también se aplican a los monémeros
que tienen grupos catecol en su estructura, y por lo tanto, los monémeros funcionales con grupos
catecol mas adecuados para ser polimerizados por radicales libres son los de tipo
metacrilato/metacrilamida, ya que son los menos reactivos con el grupo catecol. Ademas, se
demostré que incluso para la polimerizacion de olefinas monosustituidas, la actividad inhibitoria
de los catecoles puede reducirse sustancialmente mediante la seleccién de disolventes polares

con grupos aceptores de enlaces de H como dimetilformamida (DMF).

Usando las pautas sintéticas proporcionadas por el trabajo experimental realizado en el
capitulo 6, en el capitulo 7 se sintetizaron con éxito 5 copolimeros solubles en agua con
diferentes Tg-s y contenidos en catecol utilizando metacrilamida de dopamina como monémero
de catecol, comondmeros de tipo metacrilato y acrilamida y DMF como disolvente. A
continuacion, de acuerdo con el trabajo realizado en los capitulos 3-5, los copolimeros con
catecol se disolvieron en agua y se combinaron con una dispersion polimérica con 5 % NVP
para preparar films poliméricos entrecruzados con enlaces de H pirrolidona-catecol. Sin
embargo, a diferencia de los resultados mostrados en los capitulos 3-5, los copolimeros de
catecol formaron una microestructura dodecaédrica alrededor de las particulas de polimero

incluso en el material de referencia sin grupos pirrolidona y no se observé ninguna influencia de
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los enlaces de H pirrolidona-catecol en las propiedades mecanicas de los materiales. Ademas,
cuando los films fueron sumergidos en agua, los enlaces de H pirrolidona-catecol y pirrolidona-
acido carboxilico no contribuyeron a una mejora significativa en la sensibilidad al agua de los
materiales. Probablemente, las repulsiones electrostaticas entre las especies MAA y AMPS
cargadas aniénicamente superaron la fuerza de los enlaces de H que mantienen a los
copolimeros de catecol en los films y promovieron la desorcion de los copolimeros a la fase
acuosa. Por lo tanto, si bien se pueden se pueden sintetizar polimeros solubles en agua que
contienen catecol utilizando el conocimiento adquirido en el capitulo 6, es necesario realizar
mejoras en el disefio de estos copolimeros para superar el rendimiento de los polifenoles
naturales utilizados en los capitulos 3-5 de esta tesis. Por ejemplo, el uso de especies no-ionicas
de alta Tg solubles en agua y con una alta concentracion de grupos catecol en la estructura
podria dar lugar a materiales reforzados mecanicamente con una buena resistencia al agua,

manteniendo las ventajas y versatilidad de usar copolimeros sintéticos.
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I.1. Latex characterization
I.1.1. Solids content and monomer conversion

The monomer conversion (Xw) is defined as the fraction of monomer that has been
converted into polymer at any reaction time. The monomers employed for the synthesis of the
polymer dispersions were volatile (MMA, BA, NVP, HEMA, etc.) and the resulting polymers were
solid and non-volatile. Thus, the monomer conversion was determined gravimetrically,
measuring the non-volatile fraction of the dispersion to follow the formation of polymer in the
system. Experimentally, = 2 mL latex samples were withdrawn from the reactor and the free
radical polymerization was immediately quenched with the addition of = 0.1 mL of a 1 wt %
hydroquinone (HQ) solution in water. The samples were dried in aluminum caps at 65 °C until
constant weight of the samples was achieved (= 2 days). The non-volatile fraction of the
dispersions also called solids content (SC) was calculated from the weight ratio between the dry

solid and the latex (Eq. I.1.)

SC = Dry solid (g) Equation 1.1

Latex (g)
The monomer conversion was then calculated from the solids content of the dispersions
according to Equation 1.2, where NPF is the non-polymeric solid fraction of the sample (includes
the initiator, surfactant and HQ), miatex is the mass of the latex and mmon is the amount of

monomer. In semicontinuous polymerization processes two different conversions can be defined:

the instantaneous conversion, which takes into account the monomer fed at each time to the
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reactor; and the overall conversion, which considers the whole monomer amount that is going to
be fed into the reactor. Both definitions are utilized in this work and the type of monomer

conversion utilized (instantaneous vs overall) will be specified in each case.

Mpol _ SC* Mygrex—NPF

Xy = Equation 1.2

Mmon Mmon

I.1.2. Particle size
1.1.2.1. Dynamic Light Scattering (DLS)

The particle size of the polymer dispersions synthesized in UPV/EHU was measured with
Dynamic Light Scattering (DLS) using a Zetasizer Nano Z (Malvern Panalytical, UK). The
diffusion coefficient (D) of a particle in a certain fluid depends on the temperature (T), viscosity
of the medium (n) and hydrodynamic radius of the particle (Rn) according to the Stokes-Einstein

law shown in Equation 1.3 (ks is the Boltzmann constant).

kg T

=— Equation 1.3
61T n RH

In the measurement, the sample is irradiated with a laser beam and the scattered light is
recorded at one detection angle over time. The equipment measures the intensity fluctuations in
the scattered light caused by Brownian motion, estimates the diffusion coefficient (D) and uses
the Stokes-Einstein law to calculate the Rnx. For the analysis, the latex was diluted with deionized

water until a translucent dispersion was obtained to avoid multiple scattering.

In the figures that show the particle size time evolution, the theoretical growth of the
particles was calculated by Equation 1.4, where Dzseed, MasSSseed and SCseed are the z-average

particle size, mass and solids content of the seed and Dzt masst and SC; are the z-average
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particle size, mass and solids content of the latex at a given time. The calculations were made
considering a seed of 55 nm and that there is no secondary nucleation such that all monomer

added in the semi-batch stage is used to grow the particle.

) 1/3 :
M) Equation 1.4

massseed'SCseed

Dz,t = Dz,seed (

1.1.2.2. Hydrodynamic capillary chromatography (HDC)

The particle sizes of the polymer dispersions synthesized in BASF (Latex 13, 14, 17-21)
were determined by hydrodynamic capillary chromatography. In this analytical method, the
polymer dispersion is injected into a capillary under laminar flow conditions. Larger particles will
experience stronger exclusions from the capillary walls and they will tend to occupy the central
part of the tube. Under parabolic flow profile, the flow velocity depends on the relative position in
the tube, being the flow velocity minimum near the capillary walls and maximum in the center.
Thus, particles of different sizes will cross the capillary at different velocities and will be separated
depending on their size, being the large particles faster reaching the detector. The size of the

particles is determined using a calibration that relates the size with the elution time.*

1.1.3. Gel content
1.1.3.1. Soxhlet extractions in THF

In the polymer dispersions synthesized in UPV/EHU, the gel content of the polymers
(GC%) was determined by Soxhlet extraction using tetrahydrofuran (THF) as solvent and it was
defined as the insoluble weight fraction of the polymer in THF. For the measurement, a few drops
of the latex were deposited on glass fiber pads and the samples were dried for 2 days at room

temperature. Then, the pads were inserted in the Soxhlet extractor and a continuous extraction
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with THF under reflux was carried out for 24 hours. During the extraction, the un-crosslinked and
soluble polymer chains dissolved in the THF and the insoluble polymer fraction (gel) remained
in the pad. The pads were dried after the extractions and the gel content of the polymers was

calculated using Equation I.5.

Non—soluble polymer weight

Gel content (GC%) = Equation 1.5

Total polymer weight

1.1.3.1. Insoluble polymer fraction in MEK

For the polymer dispersions synthesized in BASF (Latex 13, 14, 17-21), the gel content
was defined as the insoluble polymer fraction in methyl ethyl ketone (MEK). For the analysis, dry
polymer films were immersed in MEK and after 24 hours of constant shaking, the insoluble
polymer fraction was filtered, dried and weighted. The fraction of insoluble polymer was

calculated according to Equation 1.5.

I.1.4. Molecular weight distribution (MWD)

For the latexes produced in UPV/EHU, the molecular weight distributions of the soluble
polymer fractions obtained after the Soxhlet extractions were measured using size exclusion
chromatography (SEC) in THF at 35 °C with a THF flow rate of 1 mL min-t. The SEC instrument
consisted of an injector, a pump (Waters 510), three columns in series (Styragel HR2, HR4, and
HR6), a differential refractometer detector (Waters 2410) and dual A absorbance detector
(Waters 2487, wavelength 265 nm). The equipment was calibrated using polystyrene standards

and the molar masses reported related to polystyrene unless commented otherwise in the text.
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The molecular weight distributions of the polymers synthesized in BASF were measured
using Size Exclusion Chromatography (SEC) in THF at 35 °C with a THF flow rate of 1 mL/min.
The samples were filtered prior to the analysis using 0.20 um polytetrafluoroethylene (PTFE)
filters. Separation was carried out using a guard column (Plgel 10 ym, length 5 cm, 7.5 mm inner
diameter) and three Plgel 10 um columns in series (length 30 cm, 7.5 mm inner diameter). A

differential refractometer detector was used (DRI Agilent 1100).

I.2.  Film properties
I.2.1. Glass transition temperature (Tg)

The glass-transition temperature (Tg) of the polymers and polymer blends were measured
using a commercial differential scanning calorimeter, DSC (Q1000, TA Instruments). The
procedure consisted of four scanning cycles: cooling, heating, cooling and heating. In Chapter 4
the temperature range employed for the analysis was (-50 °C) - 150 °C and in Chapter 5 the
temperature range used for the analysis of the PSAs was (—80 °C) - 80 °C. The results from the

second heating run are presented.

[.2.2. Morphology

The morphology of the films was investigated with transmission electron microscopy
(TEM) using a Jeol TM-1400 Plus series 120 kV electron microscope. The polymer films were
cut in a LEICA EM UC6 ultramicrotome at -25 °C in Chapters 4 and 7 and at -70 °C in Chapter
5. The films were stained with RuOa4 vapor for 20 min to increase the contrast of the phenolic
rings. The ruthenium complexes with the aromatic rings and therefore the contrast of the image

darkens the aromatic-rich areas.
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I.2.3. Mechanical properties

The mechanical properties of the films prepared for coatings applications in Chapters 2,
3, 4 and 7 were evaluated by tensile test. The measurements were carried out in a TA.HD.plus
Texture Analyser (Stable Micro Systems, UK) at 23 + 2 °C, 50 + 5% relative humidity and using
a strain rate of 10 mm/min. Bone-shape probes were prepared by cutting the polymer films with
a die cutter. The thickness of the test specimens varied in the range 400-800 pym. In order to
check the reproducibility of the results, each material was analyzed at least 3 times. The most
representative plot for each material is represented in the stress-strain graphs and the average

Young’s modulus, yield stress, tensile strength and ultimate strain values are given in the tables.

The mechanical properties of the L13,14 — Cat_ AMPS materials prepared in BASF and
discussed in Chapter 7 were measured by tensile test using probes with the dimensions specified

in DIN 53504 S3A, at room temperature and a strain rate of 200 mm/min.

I.2.4. Water sensitivity

The water sensitivity of the polymer films was assessed by immersing the polymer films
in water for a certain time and measuring water uptake, weight loss and release of tannic acid or
gallic acid to the agueous phase. In addition, the mechanical / adhesive properties were tested

after the immersion.

In Chapter 3, the materials employed for the water absorption test were 1 mm thick and
2.5 cm diameter circular films and they were immersed in water for 5 days. In Chapter 4, 1 mm
thick and 2.5 cm diameter circular films were immersed in water for 7 days. In Chapter 5, PSA
circular films with a thickness of 1 mm and 1 cm diameter were immersed in water 7 days. In

Chapter 7, rectangular films of 1 cm x 4 cm and = 1 mm thickness were used for the test. The
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latex — MAA copolymer blends were immersed in water for 7 days and the latex — DMA_AMPS

blends for 5 days.

1.2.4.1. Water absorption

The water absorption was defined as the weight increase of the sample after the
immersion in water for a given time, and was normalized by the initial weight of the specimen.
The water absorption was calculated using Equation 1.6 where mend is the weight of the polymer
film after the immersion and mo is the initial weight of the polymer film. In general, higher water

absorption values indicate greater water sensitivity.

H,0 absorption (%) = % 100 Equation 1.6
end

1.2.4.2. Weight loss

After the immersion in water, the films were dried at 65 °C for two days and weighed to
determine the weight lost during the immersion in water. The weight loss was normalized with
the initial weight of the sample as expressed in Equation 1.7 where mqis the weight of the polymer
film after drying and mo is the initial weight of the sample. Typically, the water-sensitive
components of the formulation such as surfactants or water-soluble oligomers can migrate to the
aqueous phase during the test decreasing the final weight of the polymer film. High weight loss

values are usually related to high water sensitivity.

Weight loss (%) = 2"2100 Equation. 1.7

mo
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1.2.4.3. Tannic acid and gallic acid release

In Chapters 3, 4 and 5 the tannic acid (TA) and gallic acid (GA) leached out from the films
during the immersion in water was determined using UV-vis spectrophotometry. The absorption
spectra were recorded on a S300 UV-vis spectrophotometer (Analytik Jena) and absorption-
concentration calibration curves at 305 nm were employed to calculate the concentration of TA
and GA in the aqueous phase. The TA / GA % released was calculated taking into account the
TA / GA weight in each sample according to Equation 1.8 where mo is the initial amount of TA /
GA in the film and mw is the amount of the phenol molecule in the aqueous phase. The calibration

curves built for TA and GA are shown in Figures 1.1 and 1.2, respectively.

Mo—m .
TA/GA release (%) = Om—W 100 Equation 1.8
0
A Tannic Acid UV calibration B Tannic Acid UV calibration
4 TAmg/ 1
100g H,0 °
3 A305 : 0.8 .
g —o3 °
- —0.6 0.6
2, —_1 g o
-‘E < 0.4
<, . y=0.1951x + 0.0715
—3 02 . R? = 0.9954
— 2 'y
04 0 . . . . .
200 250 300 350 400 [} 1 2 3 4 5
Wavelength (nm) Concentration (mg/100g H,0)

Figure I.1. UV-vis calibration curve of tannic acid in water. A) UV-vis absorption spectra of the TA water

solutions used for the calibration and B) calibration curve.
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A Gallic Acid UV calibration GA mg/ B Gallic Acid UV calibration
4 100g H,0 0.5
} Asos 04 y=0.1063x- 0.0123 °
g°? —o02 R?=0,9938
5 —o0s5 g 03 =
22 & -
3 Cea ™ —0.75 02 .
2 —1
< 1 — 0.1 .
pe L
0 0 'J.
200 250 300 350 400 —4 0 1 L2 3 4
Wavelength (nm) Concentration (mg/100g H,0)

Figure 1.2. UV-vis calibration curve of gallic acid in water. A) UV-vis absorption spectra of the GA water

solutions used for the calibration and B) calibration curve.

1.2.4.4. Mechanical properties after immersion in H20

Bone-shape probes were immersed in water for the same time as in the water absorption
test (5 days in Chapter 3 and 7 days in Chapter 4) and then the specimens were dried for 7 days
at 23 + 2 °C and 55 + 5 % relative humidity. The mechanical properties were evaluated by tensile

test with the conditions specified in Section 1.2.3.

1.2.4.5. Adhesive properties after immersion in H20

For the determination of adhesive properties in humid conditions, the samples were
immersed in water for 60 min, and they were wiped out with a paper cloth right before the probe

tack test.

1.3. References

(1) Liu, L.; Veerappan, V.; Bian, Y.; Guo, G.; Wang, X. Influence of elution conditions on
DNA transport behavior in free solution by hydrodynamic chromatography Sci. China
Chem. 2015, 58, 1605-1611.
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II.1. Synthesis of dopamine methacrylamide (DMA)
I1.1.1. Materials

Dopamine hydrochloride (99 %, Fischer Scientific) methacryloyl chloride (97 %, Alfa
Aesar), ethyl acetate (ACS basic, Scharlau), tetrahydrofuran (THF, GPC grade, Scharlab),
anhydrous methanol (99.8 %, Sigma Aldrich) sodium chloride (NaCl, synthesis grade, Scharlau),
triethylamine (TEA, 99 %, Sigma Aldrich) and sodium sulfate (Na2SOas, anhydrous, Sigma

Aldrich) were used as received.

I1.1.2. Synthetic procedure

Dopamine methacrylamide was synthesized from methacryloyl chloride and dopamine
dopamine and methacryloyl chloride based on a procedure reported by Xu et al.! The reaction

pathway is shown in Scheme II.1.

H
o)
HO 0 RT HO

Dopamine Methacryloyl chloride Dopamine methacrylamide

Scheme II.1 Synthesis of dopamine methacrylamide (DMA) from dopamine and methacryloyl chloride.
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Dopamine hydrochloride (10 g, 52.7 mmol) was added to a 250 mL three neck round
bottom flask equipped with two dropping funnels and it was degassed with nitrogen for 30
minutes. Anhydrous methanol (100 mL) and triethylamine (TEA, 7.35 mL, 1 eq.) were added to
the round bottom flask under nitrogen. In the first funnel, trimethylamine (11 mL, 1.5 Eq.) and
anhydrous methanol (11 mL) were added under nitrogen. A solution of methacryloyl chloride
(6.18 mL, 1.2 eq.) in GPC grade THF (5 mL) was added in the second dropping funnel. The set
up was placed in an ice bath and the content of both dropping funnels was slowly added
simultaneously to keep the pH at 9. After the addition, the system was stirred overnight at room
temperature. After the reaction, the volatiles were evaporated under reduced pressure. The
resulting oil was redissolved in ethyl acetate (100 mL) and washed two times with a 1M HCI
aqueous solution (2x100 mL) and two times with brine (2x100 mL). The organic layer was dried
with Na2S04 and the volatiles were removed under reduced pressure. The crude product was

recrystallized from ethyl acetate.

I1.1.3. Product characterization

The product was a beige powder. The *H-NMR spectrum of the monomer was recorded
on a Bruker 400 MHz equipment using de-DMSO was used as solvent. The spectrum was
acquired at room temperature with a relaxation decay time (D1) of 20 s and 16 scans. The H-
NMR spectrum of DMA is shown in Figure 11.1. *H-NMR (400 MHz, DMSO-ds)  8.69 ppm (2H,
2s, -CsH3(OH)2), 7.94 ppm (1H, m, CsH3(OH)2-CH2-CH2-NH-), 6.64 ppm (1H, d, -CeH2(H)(OH)2,
signal h), 6.58 ppm (1H, d, -CeH2(H)(OH)2, signal g), 6.44 ppm (1H, d, -CeH2(H)(OH)z2, signal f),
5.63 ppm (1H, s, -C(=0)-C(CH3)=CH(H), cis, signal b), 5.31 ppm (1H, s, -C(=0)-C(CH3)=C(H)H,
trans, signal c), 3.29 — 3.20 ppm (2H, g, CsH3(OH)2-CH2-CH2-NH-, signal d) 2.64 — 2.48 ppm

(2H, t, CeH3(OH)2-CHz2-, signal e), 1.85 ppm (1H, s, -C(=0)-C(CHz3)=CHz, signal a).
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Dopamine methacrylamide
(DMA)
h

d 1 a
a
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b ¢

b DMSO
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Figure Il.1. *H-NMR spectrum of dopamine methacrylamide (DMA).

I1.2. Synthesis of vinyl catechol (VC)

1.2.1. Materials

Caffeic acid (299.8 %, Sigma Aldrich), dimethyl formamide (DMF, 299.8 %, Sigma
Aldrich), triethylamine (TEA, 99 %, Sigmal Aldrich), ethyl acetate (ACS basic, Scharlau), sodium
chloride (NaCl, synthesis grade, Scharlau), and sodium sulfate (Na2SOas, anhydrous, Sigma

Aldrich) were used as received.

[1.2.2. Synthetic procedure

Vinyl catechol (VC) was synthesized from caffeic acid according to the procedure

described by Takeshima et al.? The reaction pathway is shown in Scheme I1.2.
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0]

HO HO
X""OH 100°C, TEA ji)/\
HO .CO2 HO

Caffeic acid Vinyl catechol

Scheme I1.2. Synthesis of vinyl catechol starting from caffeic acid.

First, caffeic acid (3 g, 16.65 mmol) was dissolved in DMF (23 mL). Then, triethylamine
(TEA, 6.9 mL, 3 eq.) was added to the solution and the mixture was heated to 100 °C under
stirring employing an oil bath. After 1 hour, the reaction was cooled to room temperature. After
the reaction, volatiles were evaporated under reduced pressure. The resulting oil was
redissolved in ethyl acetate (100 mL) and washed two times with 1M HCI aqueous solution (2x50
mL) and two times with brine (2x100 mL). The organic layer was dried with Na2SO4 and the

volatiles were removed under reduced pressure.

11.2.3. Product characterization

The *H-NMR spectrum of VC was recorded on a Bruker 400 MHz equipment using de-
DMSO was used as solvent. The spectrum was acquired at room temperature with a relaxation
decay time (D1) of 20 s and 16 scans. The 1H-NMR spectrum of vinyl catechol is shown in Figure
11.2. 1H-NMR (400 MHz, DMSO-d6) & 8.92 ppm (2H, s, -CsH3(OH)2), 6.91 — 6.79 (1H, m, -
CsH2(H)(OH)2, signal d), 6.75 — 6.67 (2H, m, -CeH2(H)(OH)z, signals d and f), 6.61 — 6.44 ppm
(1H, dd, CH2=CH-, signal a), 5.49 (1H, d, CH(H)=CH-, trans, signal c), 4.99 (1H, d, CH(H)=CH-,

cis, signal b).
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Vinyl catechol
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a
b f OH EtAc FEtAc
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(:/\C[ EtAc
d OH

e

d
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T T
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Figure I1.2. *H-NMR spectrum of vinyl catechol (VC).

1.3 Reaction mechanism

The MALDI-TOF-MS spectra were interpreted on the basis of the proposed reaction
mechanism presented in Scheme 11.3. The formation mechanism of methacrylonitrile (MAN) from
the termination by disproportionation of two tertiary radicals formed after the decomposition of

AIBN3 is shown in Scheme 11.4.
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Termination mechanisms

A) Combination
R R
B
A%o + B%o —_— Wﬁ]
R R R R R R
B) Chain transfer

A%- *XH @ ——— A%\%\(H m + xe
R R

R R

C) Disproportionation %\()/\(H
A n (m + B% )
M- + BM — R R R R
R R T H
A%\ﬁ;\ (v + B’%\%\r (1)
R R R R

D) Backbitting + B-scission

R R R R
"A" and "B" groups in radical form
CHj o CH® o°
N:—<o )L /CH; 2 R H
cH, H N | Y
CH, OH R R
AIBN DMF Toluene Pyrocatechol B-scission

Monomer units

St 2-MOMA  2.MOA

OOOOO

Scheme I1.3. Termination mechanisms considered in this work.

O
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C|)H3 (|3H3 C|3H3 CI_ZH3
H3C_CI;_NEN_9_CH3 - H3C_CI:. + .(I:_CH3 + NZT
CN CN CN CN
2,2'-azo bis(isobutyronitrile)
(AIBN)

Termination by
disproportionation

GHs GHs
HZC=C|3 + HCID—CH3
CN CN
Methacrylonitrile 2-(methyl)-propionitrile
(MAN)

Scheme I1.4. Methacrylonitrile formation mechanism from AIBN.3

I.4. MALDI-TOF-MS spectra

Whole range spectra of the PS and PMA polymers produced in set 1 of reactions are
shown in Figures 11.3 and II.4, respectively. The whole range spectra of the (co)polymers
prepared in set 4 of reactions are presented in Figure 11.5. The isotopic distribution of signals A
and B in Run 1 (Figure 6.12.A) and the calculated isotopic distributions for the different

termination mechanisms are compared in Figure I1.6.
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A Run S-1: PS + 0%catechol B Run $-3: PS + 10%catechol
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Figure 11.3. MALDI-T-MS spectra of the PS polymers produced in Runs S-1 (part A) and S-3 (part B) in

presence of 0 and 10 wt% pyrocatechol.

A Run MA-1: PMA + 0%catechol B Run MA-3: PMA+ 10%catechol
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3 ] S 4000
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Figure Il.4. MALDI-TOF-MS spectra of the PMA polymers produced in Runs MA-1 (part A) and MA-4 (part

B) in presence of 0 and 50 wt% pyrocatechol.

364



Supporting information for Chapter 6

>

Run 1: 2-MOMA

12000 4

10000 4

8000 4

6000 4

4000

Intensity (a.u.)

2000

“l}l'\J||l

1000 1500 2000 2500 3000
m/z

Run 3: 2-MOA

@]

40000

Intensity (a.u.)

[(T——

T T T T T T T T
1000 1500 2000 2500 3000 3500 4000 4500

m/z
E Run 5: PS
‘H‘l‘mm

1500 2000 2500 3000 3500
m/z

Run 2: 2-MOMA + DMA

“mmlmmunm.m

Run 4: 2-MOA + DMA

T
2000

3000
m/z

T
4000

T
5000

20000
18000+
16000+
S 14000
12000+
10000 4

)

8000
6000
4000
2000

Intensity (a.

T T T T T T T
1500 2000 2500 3000 3500 4000 4500

m/z

Run 6: PS + DMA

750

500

250 4

Intensity (a.u.)

T
1500

T
2000

|
2500
m/z

T
3000

T
3500

365



Appendix Il

G Run 7: 2-MOMA + VC (t=5h)
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Figure I1.5. MALDI-TOF spectra of the polymers produced in (A) Run 1 — 2-MOMA, (B) Run 2 - 2-MOMA +

DMA, (C) Run 3 — 2-MOA, (D) Run 4 — 2-MOA + DMA, (E) Run 5 — S, (F) Run 6 — S + DMA and (G) Run 7

- 2-MOMA + VC.
Species Chain transfer Disproportionation Experimental
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Figure 11.6. MALDI-TOF-MS spectra (1097-1104 zoom) of the 2-MOMA polymer produced in Run 1: (A)
Calculated isotopic distribution of the species terminated by chain transfer, (B) calculated isotopic distribution
of the species terminated by disproportionation, (C) experimental isotopic distribution of the species in the

1097-1104 region and (D) overlapping of the previous three isotopic distributions.
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I1.5. Individual monomer conversions in Runs 1-11 of set 4 of experiments
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Run 7: 2-MOMA + VC
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Figure IL.7. Individual monomer conversions measured by *H-NMR in (A) Run 1 — 2-MOMA, (B) Run 2 - 2-

MOMA + DMA, (C) Run 3 — 2-MOA, (D) Run 4 — 2-MOA + DMA, (E) Run 5 - S, (F) Run 6 — S + DMA, (G)
Run 7 — 2-MOMA + VC, (H) Run 8 — 2-MOMA + catechol, (I) Run 9 — 2-MOMA + S, (J) Run 10 — 2-MOMA +

catechol + S and (K) Run 11 — S + catechol.
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[1.6. Time evolution of the molecular weight distributions in Runs 1-7 of

set 4 of experiments

The distributions obtained with the RI detector are presented in part 1 and the results
obtained with the UV detector in part 2. The signal between 200 and 250 g/mol is given by the

DMA and VC monomers.
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Figure I1.8. Time evolution of the molecular weight distributions in (A) Run 1 — 2-MOMA, (B) Run 2 - 2-MOMA
+ DMA, (C) Run 3 — 2-MOA, (D) Run 4 — 2-MOA + DMA, (E) Run5-S, (F) Run 6 — S + DMA and (G) Run
7 — 2-MOMA + VC. The distributions obtained with the RI detector are presented in part 1 and the results

obtained with the UV detector in part 2.
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Appendix lll. List of acronyms, abbreviations and

symbols

1H-NMR
2-EHA

AA
AAMA
AdA
AFM
AIBN
ALMA
AM
AMPS
AMS
AP
APS
ASR
ar
ATR
BA
BDDA
BHT
BSH

CCEMA
CDCl3
CDI
CEA
CMC
Cov
CTA
Crr

Proton nuclear magnetic resonance
2-ethylhexyl acrylate

Hydrogen bond acceptor

Acrylic acid

Acetetoacetamido methacrylate
Adenine acrylate

Atomic force microscopy
2,2’-azobis(2-methylpropionitrile)

Allyl methacrylate

Acrylamide
2-acrylamido-2-methyl-1-propanesulfonic acid
4-azidomethyl styrene
Acrylamidopyridine

Amonium persulfate

Alkali soluble resin

Shift factor in frequency mastercurves
Attenuated total reflectance

Butyl acrylate

1,4-butanediol diacrylate
2,6-di-tert-butyl-4-methylphenol
n-butanethiol

Cytosine
Cyclohexylcarbodiimidoethyl methacrylate
Deuterated chloroform

Carbodiimide

Carboxyethylacrylate

Critical micelle concentration
Compuesto organico volatil

Chain transfer agent

Chain transfer constant

375



Appendix |11

D

D

D1
DAAM
DBP
DCM
DFT
DHPMA
DLS
DMA
DMA
DMF
DMSO
DMTA
DPn
dp:
DSC
DSH

EHTG
EPA

FM
FRET
FRP
FTIR

G"
GA
GC
GC
GMA
HDC
HEMA
HMMA
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Hydrogen bond donor

Diffusion coefficient

Relaxation decay time

Diacetone acrylamide

Dibenzyl peroxide

Dichloromethane

Density functional theory
2,3-dihydroxypropyl methacrylate
Dynamic light scattering

Dopamine methacrylamide

Dynamic mechanical analysis

Dimethyl formamide

Dimethyl sulfoxide

Dynamic mechanical thermal analysis
Number average degree of polymerization
z-average particle size

Differential scanning calorimetry
n-dodecanethiol

Young's modulus

2-ethylhexyl thioglycolate
Environmental protection agency
Feeding stream

Functional monomer

Fluorescence resonance emission transfer
Free radical polymerization

Fourier transform infrared spectroscopy
Guanine

Storage modulus

Loss modulus

Gallic acid

Gas chromatography

Gel content

Glycidyl methacrylate

Hydrodynamic capillary chromatography
2-hydroxyethyl methacrylate
Hexamethylol melamine



List of acronyms, abbreviations and symbols

HPLC
HQ
IBMA
Ka

ks

Kp
KPS
Kir

L
LPO
m

M, Mn
MA

MAA
MALDI-TOF-MS

MAM
MAN
Mc

MC
Me
MEK
MFFT
MMA
MS
Mw
Mw
MwWD

NB
NIPU
NMA
NPF
NVC
NVP
PAA
PBA

High performance liquid chromatrography
Hydroquinone

N-isobutoxy methacrylamide
Equillibrium association constant
Boltzmann constant

Propagation rate coefficient
Potassium persulfate

Chain transfer rate coefficient
Latex

Lauryl peroxide

Mass

Number average molecular weight
Methyl acrylate

Methacrylic acid

Matrix-assisted laser desorption/ionization time of flight mass

spectrometry
Methacrylamide

Methacrylonitrile

Critical entanglement molecular weight

Average molecular weight between crosslinks
Average molecular weight between entanglements
Methyl ethyl ketone

Minimum film formation temperature

Methyl methacrylate

Average molecular weight between associative groups
Molecular weight

Weight average molecular weight

Molecular weight distribution

Average number of functional groups per polymer chain
Nucleobase

Non-isocyanate polyurethane

N-methylol acrylamide

Non-polymeric solid fraction

N-vinyl caprolactam

N-vinyl pyrrolidone

Poly(acrylic acid)

Poly(butyl acrylate)
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PC

PEG
PEGMA
PEO
PMMA
PrA

PS

PSA
PVOH
PVP

reo

I' Diff

SANS
SC
SEC
SEM
T

TA
tand
tBCEMA
TEA
TEM
Tg
THF
Twm
UMA
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Pyrocatechol

Poly(ethylene glycol)
Poly(ethylene glycol) methacrylate
Poly(ethylene oxide)

Poly(methyl methacrylate)
Propargyl acrylate

Polystyrene

Pressure sensitive adhesive
Polyvinyl alcohol

Polyvinyl pyrrolidone

Radius of polymer particles
Universal gas constant

Reactivity ratio

Crosslinking rate

Diffusion rate

Radius of gyration

Relative humidity

Hydrodynamic radius of the particle
Revolutions per minute

Styrene

Secondary interaction

Stearyl acrylate

Small angle neutron scattering
Solids content

Size exclusion chromatography
Scanning electron microscopy
Temperature

Tannic acid

Damping factor
tert-butylcarbodiimidoethyl methacrylate
Triethylamine

Transmission electron microscopy
Glass transition temperature
Tetrahydrofuran

Melting temperature

Ureido methacrylate



List of acronyms, abbreviations and symbols

Upy
UrA
UV-Vis
V-501
VAc
VC
VOC
W

w
wbm
wt%
Xm
XMiinst
XM,overall
ZPVE
AG

Trep
To
Ts

1
Y max

Ureido pyrimidinone

Uracil acrylate
Ultraviolet-visible light
4,4-azobis(4-cianovaleric acid)
Vinyl acetate

Vinyl catechol

Volatile organic compound
Work of adhesion

Weight fraction

Weight based on monomers
Weight percent

Monomer conversion
Instantaneous monomer conversion
Overall monomer conversion
Zero-point vibrational energy
Association energy

Polymer density

Stress

Tensile strength

Nominal stress

Reduced stress

Yield stress

Reptation time

Monomer relaxation time
Lifetime of the hydrogen bond
Angular frequency

Strain

Ultimate strain
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